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Summary

Excessive accumulation of senescent egltscells bearing pathogenic aggregatage centralroles

in driving aging and chronic diseaseghas cancer and neurodegenerative diseag#sspite this

link, the role of phagocytes, the chief cell type responsible for removal of foreign and unwanted
materials, has not yet been accounted for senescent and diseased cell surveillance and removal.

This stidy aimed to elucidate the role of macrophages in the context of senesassmiated
RAaSIFrasSa ylyYSte OSfftdzZ I NI asSs yisvrd Bydéslophgindvddo ¥ | y R |
culture systems examining phagocytes and diseased cells, we found that senescent cells evaded the
phagocytosis by macrophages. Most significantly, senescent cells mediated a transient impairment

on macrophages for the efferocytosi§ bystander targets, such as efferocytic corpses, linking

senescent cells to an alteration of macrophage function. Mechanistically, this effect was mediated

08 AYONBI&ASR SELINKSBEAZA IYF (KIS naR2yWQGE KB (B dz2NF I OS
relative to normal cells and was transient in nature and mediated by direct cell contact rather than

via the plethora of soluble factors made by senescent cells. Further, genetic analysis showed the
efferocytosis impairment effect was dependent on CD47. Mueg, we were able to follow the
AAIAYyFEAY3I FTNRY /5nT1 2y (KS aSySaoSyid OStfta (2 Ay
inhibition was reflected by changes in the downstream phosphataselSBBllectively, senescent

cells caused transient palysis of macrophage efferocytosis, which may help explain why aged

tissues are associated with prolonged and constitutive inflammation, a process often linked to
inefficient corpse removal. We also established a different type @futture system to demustrate

that macrophages triggered specific aggregate removal from fibroblasts, while maintaining cell

viability. In this novel biological concept, distinct from entosis, trogocytosis or phagocytosis,
macrophages detected and removed single aggregates fitmoblasts in a process requiring direct

cell contact. Using fibroblasts genetically inactivated for mitochondrial apoptosis (Bax Bak double
knockout cells) and a unique three cell reporter culture system, we determined that macrophages

did not induce ap type of cell death to the aggregakeearing cells. Taken together, we propose a
trogocytosislike mechanism by which macrophages trigger aggregate removal from fibroblasts,

It 0K2dzaK GKS aGFNBSGE F3IINBIFAGS A& Thus,Nde f I+ NBHSNJ
established unexpected connections between macrophages and senescent cells, as well as a novel

I LILINBF OK G2 &aiddzReé GKS NBY2@Ft 2F | 33aNB3IlrasSa Ay |

basis for novel treatments of agelated diseases.



Zusammenfassung

Ene Ubermafige Ansammlung von seneszenten Zellen und Zellen, die pathogene Aggregate tragen,
spielen eine zentrale Rolle beim Altern durbei chronischen Krankheiten wie Krebs und
neurodegenerativen Erkrankungen. Trotz dieses Zusammenhangs wurde die Rolle von Phagozyten,
dem Hauptzelltyp, der fur die Entfernung von fremden und unerwiinschten Materialien
verantwortlich ist, bisher nicht fiidie Uberwachung und Entfernung von seneszenten und
erkranken Zellen bertcksichtigt. Ziel dieser Studie war es, die Rolle der Makrophagen im
Zusammenhang mit Seneszeassoziierten Krankheiten, namlich der zellularen Seneszehst sel

und ChoreaHuntington in vitro aufzklaren. Durch die Entwicklung neuer-Roltur-Systeme, in
denendie Interaktion zwischerrresszellen und krankte Zellen untersucht wurgdeanden wir
heraus, dass seneszente Zellen sich der Phagozytose durch Makropbigeshen kdnnen.
Bedeutsamwar, dass eneszente Zellen eine voribergehentferminderungder Kapazitat der
Makrophagen fir die Efferozytose voBystanderZielzellen wie z.B. totem, efferozytischen
Zellmaterial, vermittelten. Unsere Ergebnisse verkniipfieneszente Zellen treiner Ver&derung

der Makrophagenfunktion. Mechanistiselurde dieser Effekt durch eine im Vergleich zu normalen
%Sttt Sy GSNAEGNN] (i Sat9 S-GHBESICDA72yT deR Gberflachd ey ®@nieszenten
Zellen vermittelt Darliber hinaus war dévlinderungseffekt nur voworibergehender NaturDie
Minderung wurde durch direkten Zellkontakt vermittelt und nicht durchiedFille dervon
seneszenten Zellen getilten l16slichen FaktoreWeiterhin zeigte die genetische Analyse, dass der
Effekt der Effevzytoseminderungvon CD47 abhangig war. Darlber hinawnrken wir die
Signalgebungon CDZ auf den seneszenten Zellen verfolgen, die ®3RP auf den Makrophagen
interagierte: Die voriibergehenddemmung spiegelte sich in Verdnderungen der nachgeschaltet
Phosphatase SHP wider. Insgesamt verursachten seneszente Zellen eine voriibergehende
Lahmung der Makrophagetiifferozytose. Unsere Resultate kénnten helfan erklaren, warum
gealterte Gewebe mit einer anhaltenden und kongiien Entziindung in Verbindg gebracht
werden, eirem Prozess, der oft mit einer ineffizienteBeseitigung von totem Zellmaterial
verbunden ist. Wietablierten ein weiteres G&ultursystem, um zu zeigen, dass Makrophagen eine
spezifische Aggregatentfernung aus Fibroblasten ausjaséhrend die Lebensfahigkeit der Zellen
erhalten bleibt. In diesem neuartigen biologischen Konzept, das sich von Entose, Trogozytose oder
Phagozytose unterscheidet, erkannten und entfernten Makrophagen einzelne Aggregate von
Fibroblasten in einem Prozesder direkten Zellkontakt erfordegt Unter Verwendung von

Fibroblasten, die genetisch fir mitochondri#@poptose inaktiviert sind (Bax BBkppelKnockout
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Zusammenfassung

Zellen), und einesinzigartigen DreZellenrReporterCoKultursystenskonnten wir feststellen, das
Makrophagen keine Art von Zelltod bei den Aggragagenden Ze#in induzierten.
Zusammenfassendchlagen wir einen Trogozyteéénlichen Mechanismus vor, durch den
Makrophagen die Entfernung von Aggregaten aus Fibroblasten auslésen, obwohl das "Ziel"
Aggregat viel grofer ist als bei dérerkdmmlichen Trogozytose. Swmben wir unerwartete
Verbindungen zwischen Makrophagen und seneszenten Zellen sowie einen neuartigen Ansatz zur
Untersuchung des Abbaus von Aggitegabei Choregduntington etabliert. Dies &nnte dazu

beitragen, die Grundlage fir neuartige Behandlungen von altersbedingten Krankheiten zu schaffen.



1 Introduction

1.1 Aging

Since thebroad period approximately beginning with the cessation of the Napoleonic wars and the
emergence and acceleration did industrial revolution manyhuman populatios increasel their
lifespancoincident withdecreassin mortality[1, 2] Relative to the 19century, advanced societies
have almost doubled life expectancyife spanswere extended byadvancingbasichygiene and
advantages in social behaviand infrastructurelike cleaner drinking water, better sanitation and
improvements in housing, education and nutritif8]. This was complementely the progress in
medical carend technologyy widespread application @accines, antibiotics andfiilner advances
in disease diagnosipreventive and therapeutic medicirjé]. In spite of alimprovemens, the aging
proces<an still befurther modulated for exampleby alteredlife stylesincluding moderate physical
activity, healthy dies and disease awareness and surveillajfije Regardless ofmany positive
elements associated witan increasel life span aging provideserious health and socioeconomic

concerrsfor modern societie$6].

1.1.1 The complexity of aging

Due to its onset of timelependent exhaustion at all levels of the bodye taging process is more
complex than omginally thoughf7]. Theorganism isventuallyunable tosustain the physiological
and molecular functionsnd ultimately collapses However, the convoluted interplay @fgingis
hierarchicallyorganizedand canthereforeoccur at multipé organizational levels from molecules to
cells to tissues, t@rganisms and population8]. Understanding of the complexity of the aging
process has led to theéevelopmentof integrative approacbsto elucidate themanychanges that
take place atifferent levels ophysiologyAging is controlled by genetic gatays and biochemical
processeghat can beclassified intaine tentative hallmarkproposed by Lope®tinet al.in 2013
[8]. These can be grouped into three categories: primaryagmtisticand integrative hallmarksll
hallmarks of aging share three core criteffisst, they manifest during normal agingecondtheir

exaggeratioraccelerats aging, and thirdheir amelioration impedeghe normal aging process.

1.1.2 Theninehallmarksof aging

Theprimaryhallmarksare genomic instability, telomere attrition, epigenetic alteration and the loss
of proteostasisCombined, lhey all have detrimental #ects on the human bodyTl herefore they
are hypothesized to serve dnitiating triggers whose damaging events pragsively accumulate

with time [9]. The antagonistic hallmarks arederegulated nutrient sensing, mitochdrial
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Introduction

dysfunction and cellular senescende principlethey can also béveneficial andevenprotective for

the organism (discussed later)but can also become dysregulated and synergize with the
detrimental, primary effectsSenescence for examplprotects the organism from cancen one
hand as it forces potentially dangerous cells to exit the cell cycle and eventoadig before
becormingtransformed by oncogenes. On the other haadcrual okxcessenescent cellsromotes
agingand isclosely linked to all elements of the aging procgd®]. The third category comprises
the two integrativehallmarks, stem cell exhaustion and altered intercellular commurminaiihey
arise when the accumulated damage caused by the other hallmarks cannot be compensated by
tissue homeostatiecnechanisms. It is important to point out the interconnectedness of all of these
hallmarks to enable the understanding of their contributimnaging [8]. In this thesisseveral of

the hallmarks of aigg will be dssected. The main focus will e the interaction of immune cells

with senescent cells and cells bearing defects in proteosdiiakisd to neurodegenettive diseases

No single gene or decline in a biochemical system accounts for all aspects of the complex
multifactorial pracessof aging in a healthy persoAn exception to this principle are individuals born
with progeroid syndromes, fanmls of genett diseases with single gene recessive alleles such as
BloomQ @r Werner syndromdl1, 12] many of which affect DNA repair pathways, and have been
important in advancing aging research at the molecular genetic leved. cbmplexity and
interdependenceanvolved in agingneanstargetingone geneor by one single druds unlikely to

modify aging To date, no known intervention slows, stops or reverses the aging process in humans
[13]. It is now of scientific interest to identify the mechardstirivers and the corresponding
interactors of the aging process to build the main pillarsesearch in the biology of aginghis will

helpto reveal the mechanisms which determine the decline of immunological processes associated

with aging.

1.1.3 The immune system agaad synergizes with the agingather organ systems

The decline of immunological processegth ageis termed immunosenescence anthteracts
substantiallywith the nine proposed hallmarks of agiffiyt, 15] Immunosenescencaffects both
the adaptive and the innate immune systeimterfering withthe delcate balance of diffieent cell

numbersin tissues and their physiolog¥6, 17]

In the adaptive immune systenthis involves thdoss of naive @nd Bcell populationgesultingin
diminisheddiversity of theT and B celfrepertoire. This results imicreased susceptibility to new

infections, an altered memaory response to previously encountered pathogens and also a decreased
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responseto vaccineq18]. In theinnate immune systepneutrophil monocyte populations which

must be produced in vast numbers each day (e.g. a normal human ma&eeeutrophils every

day [19]), become altered in quantity and functiornThis affectsintracellular Kling, antigen

presentation andeads toincreased numbers of natural killer cells wittduced cytotoxic activity
eventuallyresultingin a diminished potential to remove virdafected and cancerous cell20].

Unsurprisingly, dvancing adult age itherefore the major risk factorfor agerelated human

pathologies including cancer, dialest cardiovascular disordenseurodegenerative diseas¢21]

and especially infectid@ ¢ KA OK ¢S y2¢ aSS AabsodadmdralititoYS¢ A
SARE0V2 [22]. Another aspect of immunosenescenaehich isimportant for this thesisis the
immunesurveillance of diseased ceflach as senescent cells acells with defects in proteostasis

networks.

1.2 Cellular senescence

Cellular senescencéCS)s a programmed change in cell state associated with permanent growth
inhibition. More specifically, C3s an irreversible state of cell cyclerrast of previously
replicationrcompetent cells CS isassociated with defined morphological changescell size
apoptosis resistance andkaoad inflammatory secretory profile known agnescenceassociated

secretory phenotyp€SASH23]. Senescent cells acquire new functigmghich are described belaw

The phenomenon of senescence differs from other 4dariding cell states, such as quiescence
transient exit from the cell cycler terminal differentiation.d 9 E K I dza G A 2 y &f3T cei2 NJ SE I Y
chronically stimulated with antigen, is another nrdividing state distinct from senescence, as
populations of these cells can-eequire the ability to proliferat¢24, 25] Specifically, ujescence
results from a lack of nutrition or mitogenic signals and is reversibée the previously missing
growth conditions are restoreqR6]. The phenomena of quiescentcEllsis linked to transient
nutrient depletion, enablindong-term survival of peripheral T cells without triggering inappropriate
immune activation whichis critical to the maintenance @&n effective immune repertoirg27].
Termhal differentiation defines the developmentally programmed process that enables
undifferentiated precursor cells to generate specialized effector cells. This process is usually
accompanied by permanent withdrawal from the cell cycle undergoing functiomal a
morphological changes, losing their original cellular identitgrminaldifferentiation has been
extensively studied for example in effector T c¢fl8], neurons[29] and resident peritoneal
macrophage$30] and iswell defined in their developmental maturati¢81]. Taken together, other

forms of nondividing cell statesoccur due to lackof nutrition and growth factorswhereas
6
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senescencén generaltakes place due to severe harm caused by aging, serious DNA daamaljes

other mutagens.

1.2.1 The Hayflick limit

Thein vitro phenomenon of cellular senescence was first descriaad quantifiedin 1961 by
Hayflick and Moorhead32]. They observeda finite proliferative capacity irexplaned human
fibroblasts and were able to dissdbe growth phasesf the primary culturénto three parts Phase

| was defined as early growth phase, in which the primary culture was formed. Phase Il was
characterized by a rapid and sustained cell divisiecessitating many sutultivations. In Phase I
bizarre nuclear forms were seen, and mitotic activity progressively decreased until it eventually
SYRSR® 1 F8FftA01 YR a28NKISL RLIKS$ WS Ry oW @& Thel K EA QKIK &
first description of cellular senescence. Moreover, the number of cell divisions before primary cells
reach the end of their replicative lifespan has been termed as the Hayflick [88]it In the
experimental work described ithis thesis, cells at the Hayflick limit will be used as one typ
experimental senescent cell, as theneration of permanently growthrrested fibroblasts can be

produced in large quantities with highly reproducible characteristics.

1.2.2 Cellular inctionsassociated witlsenescence

Cellular senescence has a pleiotrogifect that depends on the trigger aritle cell type involed.

To date,three primary cellular senescence routes have been identifg: developmentally
programmed senescence (DS), stramhiced premature senescence (SIPS) and replicative
senescence (RE5]. DSis found in enbryonic developmental structures of mamreaivhichhave
been shown to express senestdriomarkers like p21. However, compared to other types of
senescenceDNA damage is not required forigtresponse to occurDScellsinduce a secretory
proteome promoting vascular remodeling and angiogeng$ SIPSs initiated after an external
stimulus triggers cell cycle arrest. The stressful external stimulus can come from physical or chemical
agents inducing oxidative stress and DNA danjagg The term premature refers to the fact that
the senescence causing stress occurs at earlier populatiohlidgs. SIPS has been shown to play
an important role in physiological processes like wound closure in response to tissue d@gjage
Finally, eplicative senescenceriginally described by Hayfli¢gg2], appears to be a fundamental
feature of somatic cells ant induced by telomere shorteningsulting from the absence of
telomerase activity With each round of DNA replication, telomeres are progressively shortened,
eventually reaching a critical lengéind thereby their maximum number of population doublings

which prevents further replicatiorthereby halting cell divisiof89].
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1.2.3 Defining senescence at the molecular level

An overarching goal of senescence research over the past decade has been to apply a molecular
definition to cells permanently in cell cycle arrébtait avoids the relatively vague terminology
outlined in 1.2.240, 41] Molecular criteria applied to senescent cgisesenttwo clear practical
challenges. First, theells cannot be expanded, meaning that experimental settingsalvays
dealing with a terminal cell state. The second challenge is defining senescenh aéllg which
requires robust and reproducible biomarkers and molecular prg2g Cyclindependent kinase
inhibitors p18\¥k4a p21¢P1 and p2¥rlare regarded as key effectors of cellular senescefiae. most
studiedfour senescencénducing pathvays involving these inhibitors atee p168N<47Rb pathway,

the p1FR7p53/p21°P! pathway, the PTEN/p2¥P! pathway and senescence induction by the
oncogene RasAll of these pathways involve the commonality of cell cycle inhibitor protein
involvement in the senescence procdd8]. This is unsurprising because increased expression of
cell cycle inhibitors forces cells out of cycle and potentially into a senescent state. The opposite is
true in cancer: loss or inhilidn of cell cycle inhibitory proteins allows cells to stay in cycle and
potentially accrue other oncogenic changes. Although thisyging appraisal is oversimplified, the

concept remains useful for thinking about senescence versus oncogenesis.

1.2.3.1 The p18X4/Rb pathway

The retinoblastoma tumor suppressor protein (Rb) is the malssate of the CDK4 and CDK6
Dtype cyclin dependent kinases. In its unphosphorylated or hypophosphorylated form, Rb
associates to several transcription factors, silencing their transactivation functions. Among those
are the E2F proteins, which activate the expression of importantgelé proteins such as cyclins E
and A. Phosphorylation of Rb by CDK4 and CDKG6 leads to the release of Rb from its transcriptionally
repressive complexes thereby facilitatingpl$ase progression. The tumor suppressor protein
pl16NK4afunctions as an inhibbr of CDK4 and CDKG6. By that it has the capacity to arrest cells in G1
phase of the cell cycle and thus implements irreversible growth arrest in th@4delt5](Figure

1-1). Among the four membexr ofthe INK4 family, p18<“¢(encoded byCDKN2Ais an important
tumor suppressor that is inactivated in a large proportion (>30%) of human tup#6}sp16N«4a

binds and inhibiteyclindependent kinase and thereby normally contributes to cell cycle arrést.

the majority of human tumorsthe p16¥<“¢CDK4/D1/Rb pathway is deregulated either by loss of
the tumor suppressors pI¥“+or Rb, or by activation of the oncogenes CDK4 or cyclinfb4.
critical property that distinguishes pM6“3from the other members of the INK4 family seems to be

its capacity to be transcriptionally upregulated in response to senescence and oncogenic stresses.
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Consistent with the role of p18“3in senescence, inactivation of the gi'87Rb pathway results in
lifespan extension or immortalization. This is manifested by the elevated frequency'tfpdéne
inactivation in immortal cell linef47]. In summary CDKN2/seems to be aritical effector of

senescenc@3].

accumulation
of cell doublings

CDK4-6/cycD

E2F silencing

v

cell-cycle arrest

Figurel-1: The p16'49Rb pathway (see text for details; adapted from Bringodd al. [43]).

1.2.3.2 The p19R7p53/p21°Pipathway

TheINK4aARFlocus encodes two distinct tumor suppressors, 'fiBand p19R" Whereas p1§<4
restrains cell growth through preventing phosphorylation of the retiasbdma protein, p1&Facts

by attenuating Mdm2nediated degradation of p53, thereby stabilizing p53. p53 activate§21
which inhibits CDK1, causing cells to be arrested in the G2/M phase and decreasing the
phosphorylation level of Rb by inhibitingetactivity of CDK2 and CDK4. This prevents cells from
entering the S phase, and ultimately leads to cell senescetae&ever, more severe stimuli lead
instead to apoptosig48, 49 (Figure 12). Concurring with the role of MDM2 as a repressor of p53
function, tumors overexpressing MDM2 haweadetectable p53 levelbut do not carry mutations in

the p53 gend48]. Consistent with its central role in the DNA damage response, which must involve

cell cycle exitp53 controls the epression of cell cycle inhibitoend especially ahe CDK inhibitor

9
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p21°PL The proteinamountsof p21°P*are elevated duringenescence in several cellular systems
[50]. Moreover, theCDKN2Aocus contais an overlapping gene named ARHternative Reading
Frame)and encoas p19"*7 Large homozygous deletions in tDKN2Aocus are common in
human cancers with concomitatiss ofboth p19*fFand p16¥<4[46, 51] The p19=Fprotein isan
inhibitor of the p53degrading activity bMDM2 [52]. Overexpression of p2® thus results in
stabilization of p53 and activation of its downstream targets. p16INK4a/Rb and the p1%8RF/p
pathways argprobablyused in a celtype specific manner during the establishment of senescence.
For example, the pT8&~expressionis transcriptionally upregulated during senescence in murine
fibroblasts [53]. In summary, theCDKN2Aocus encodes twokey cell cycle inhibitoryumor
suppressors, p1¥“2and p19*7F that are transcriptionally activated by the accumulation of cell
doublings The induction of celtycle arrest by p¥&Falsorequires the functional activity of p53,
andp21°P, beingone of the most important targets of p483]. Because of the central link between
the CDKN2Aand senescencedifferent groups have harnessed this locus as a molecular tool to
GYlF NJ ¢ as8yivivdegidea Birid th& approach is that senescent cells, having exited
the cell cycle express increased pt6* This is true at the mRNA and protein level as'j%6
expression idrequently used as a marker of senescence. Given this property, several groups
developed reporter alleles where the murir@@k2nalocus was modiéd to report expressiomf
pl16Nk4aysingluciferase or tdTomatd54, 55] The results of these experiments were difficult to
interpret as reporter activity did not necessarily associate with aging iteNsvg and instead
marked macrophages, which express high'tamounts when they populate tissues. Thus, new
reporter systems are needed to harness the usefulness of™§4%6as anin vivo marker of

senescence.
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accumulation
of cell doublings

MDM2

2N

cell-cycle arrest | [ apoptosis

Figurel-2: The p19R7p53/p21Ciripathway (see text for details; adapted from Bringokt al. [43]).

1.2.3.3 The PTEN/p¥P*pathway

A new tumor suppressor pathway has begun to emerge quite recently, after the realization that the
tumor suppressor PTEN, a lipid phosphatase, is the cemtegjative regulator of the
phosphatidylinosite3-kinase (PI13K) signal transduction cascade. PI3K catalyzes the conversion of
phosphatidylinositol 4,fhosphate (PIP2) to phosphatidylinositol 3:4f%0sphate (PIP3) and
activates AKT kinase amdher downsteam effectors[56]. PTEN dephosphorylates PIP3 at the
plasma membrane, thereby inhibiting P#8i€diated signals for cell growtiproliferation, and
survival[57]. This results in upregulatiorf the CDK inhibitor p27Kip1, which eitH@nds © cyclin

D either alone, or in complex witts catalytic subunit CDK4. In doing so 'fi2ihibits the catalytic
activity of CDK4which means that it preventSDK4rom adding phosphate residues to its pripal
substrate, he Rbprotein. Increased levels of the P& protein typically cause cells to arrest in the

G1 phase of the cell cydeigure 13).

Loss of the tumor suppressor PTEN occumsanyhuman cancers and its inactivation may result as

widegread as the inactivation of p53 or p¥6'9p19"*"t ¢ 9 b Qa Y lis/aryondbdemeeS (i

tLoY OFOGFft@dAO adzodzy Al Limmnh [58. Treaudett otdymad & | Y LI A
fibroblasts with PI3K inhibitors reduces the lifesparcells accelerating the onset of senescence

11
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[59]. Upregulation of thePI3Kinhibitor p27<* contributes to senescencdloreover, the protein
p27¢P! accumulatesin senescent murin@nd human fibroblasts. In the case of human tumors,
p27¢P1protein levels are often significantly diminisheghrticularly in their more advanced siag

[60]. The downregulation of pZPtin tumors occurs principally by protein destabilization, although

it remains to be established whether this is a direct reflection of the balance between the activities
of PTEN and PI3&3].

¢|— PI3K

PIPs-decrease

cell-cycle arrest

Figurel-3: The PTEN/p291pathway (see text for details; adated from Bringoldet al. [43]).

1.2.3.4 Mutated Ras induces senescence

Oncogenic Ras mutatiorse the most frequentlyobservedoncogeric change in human tumors
[61]. Ras activates myriad ofsignaling routes that have been implicateddellular proliferation,
survival, generation of oxidative stress, aogtoskeletal changefs2]. In particular, the MAPK
cascade formed by the kinases Raf/Mek/Erk is essentigbrdiferation, and another importan
Rasactivated target is PI3kKlowever, mutant Ras expressionnormal cellshducesa speciatype

of senescencandforcescellsto exit the cell cycle and eventually die: this is termed oncogere
induced senescemrc Among the various Raxctivated signaling effectors, the most important one
for induction of senescenekke arrest is the Raf/Mek cascade, suggesting that-cRRa&en
proliferation is the relevant stimulus that triggers seneseef@3]. Constitutive activation bMek
inducesthe accumulation of p18%* thereby thedephosphorylation of Rbpromoting cellular
senescenc64]. Moreover, Rasnduced Raf has been shown to activate the MDM2 inhibitor*fi19
consequenthyinducing gp53-dependentcell cycle arresfe5] (Figue 1-4). In addition, Rasnduced
oxidative stress has been proposed to be responsible for the inducfieenescencg66]. The
induction of senescence in response to a potent@gene such as Ras indicates that senescence is

12



Introduction

a programmed cellular response that can be triggered not only by the accumulation of cell
doublings, but also by proliferative stress&herefore, cells have a way to detect the consequences
of oncogeneinduced stress, exit the cell cycle in a senescent state anfbdieThis new aspect
further reinforces the anttumorigenic role of senescencelowever, if mutant Ras is expressed in
the absence of other guardians of the cell state (like p53) then transformation ensues. The entire
cell cycle inhibitor and oncogenic stresswerk is therefore linked at many levels with senescence
[43].

Raf

aberrant proliferation

1
1
1
1
!
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Ve

senescence-like
cell-cycle arrest

g

Figurel-4: The Ras oncogene and its effects on sax@®e (see text for details; agied from Bringoldet al. [43]).

1.2.4 Senescencanvolves altered cell morphology and metabolism

Diverse signals induce senescence, such asated cell culture, telomere attrition, irradiation,
oncogene activation oxidative damage and the perturbation of mitochondrial nieostasis.

Oxidative stressin particular, contributes to DNA damage and telomere shortef@8§) Telomere

shortening is one kind of DNA damage that triggers DA damage respong®DR, leading to
13



Introduction

arrested cell cycle in an attempt to repé#ie perceivedlamageTelomere shortening, which occurs
at each cell division because of incomplete replicatamuld be one type odcountingge mechanism

for the induction of replicative senesceni@®]. Another inducer of senescence is theamulation

of unfolded or misfolded proteinm different cellular compartmentd=or example, prolonged and
unresolvedER stress can cause senescdii®@ Overnutition and metabolic stress may also lead
to cellular senescence, because $bestressorslisrupt the cellular capacity to transport or process
macranutrients [71]. For example, dipose tissue from obese mice shows enhanced activity of
senescenceé & a 2 O AghkittSsRlaseé (SA-Gal) and higher expression of p53, both associated
with the senescent phenotypf’2]. Senescent cellsave been studied in mice to perforas major
contributors to obesityinduced neurogenesis and allevidteanxietyrelated behavior [73].
Moreover, hepatocyte senescence can result in fatty liver disease (hepatic steatosis) in mice and
human paténts [74], which is also linked to hepatocellular carcinon@bese individuals display
increased productiomf reactive oxygen speci€dROS)n the adipose tissu€/5]. These ioreased
ROS may in turn induce cell senescence by a process invitlgiPR, epigenetic regulati@nd

protein secretiorpatterns controlled by p53, p2dnd RH76].

1.2.5 The norpholog ofsenescent cells

Senescent cellsavespedfic morphologés They havean enlargedcytoplasmin culture[77], they

are flattened [78], and vacuolated [79]. In some caseghey become multinucleated as a
consequence of corrupted cell divisif80]. Causes of this altered appearance include cytoskeleton
abnormalties and increasedize and numbers abrganelles [81], which may be linked to the
production of the SASHdiscussed below)Theincreas@ organelle masss probably linked to
preparation for cell division budue to cell cycle inhibitionresultsin organelle accumulatiof81,

82]. Senescent cells are metabolically actsiearacterized bincreased glycolysiglative to normal
proliferating cells decreased fatty acid oxidation and increadR@S gneration [83]. They also
activate prasurvival factors thereby becomimgsistant to apoptosi$84, 85] Although none of
thesemarkers is completely specifim its ownor universal for all senescence types, there is ample

consensus that senescent cells express most of them.

1.2.6 Senesceincell accrual in tissues

The organismal effects of senescence in specific contexts are pleiotr®piescentcells can
activate both innate and adaptive immune response helping to maintain tissue homeostasis.
Senescence contributes to wound healitigsue reoair, regeneration andhe activation ofhost

immunity necessary for these vital functiof86-88]. For example the size of atherosclerotic plaques
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and resulting vessebstruction can be limited by senesceri8@]. However, a failure to eliminate
senescent cells can contribute their persistence in tissugssultingin anatomic lesions (e.g. as in
an atherosclerotic plague). The loss of replicative capacity of ceodintypes (e.g. T cells,

LIy O NJeells) rha® lead to defects in tissue regeneration result in immune suppressifgo].

Thus,cellular senescenchasboth positive and negative rold®0]. Initially defined as a tumor
suppressor program, cellular senescence thasight torestrictthe propagation of damaged cells.
However, these arrested cells are metabolically active and secrete a variety of molecules to
communicate with the tissue microenvironment and the neighboring ¢gikcussed below) hese
moleculesattract immune cells, which can target and eliminate the senescent cells. In general,
senescent cell clearance gives rise to beneficial outcomes, such as tumor suppression, tumor
regression, tissue remodeling and embryonic development. In contrast, senestigccumulation

tends to be associated with detrimental effects, such as cancer or aging. fftats determine

the accumulation or disposal of senescent cells rematlusive[91]. One hypothesis is that
depending on the trigger, the cell type and the cellular context, distinct senescence responses are
unleashed and that could affect the recruitmeand activity of immune @lls[92]. Dissecting the
mechanisms involved in senescent cell clearance in iedividualscenario will be critical to better

exploit cellular seneseee with therapeutic purposes.

1.3 The senesceneassociatedecretory phenotypéSASP)

Even though senescent cglisrmanently exit the cell cycl¢heyremainmetabolically activewhich
is highlighted by the secretion of plethora of different SASiholecules The heterogeneous
composition of the SASP is dependent on the original cell typentrener ofsenescencénuction

and the surrounding hormonal milieu.

1.3.1 Clessification oSASPnolecules

SASP componenige broadlyclassified into the three fawing groups(1) soluble signaling factors

binding to a receptosuch as cytokines and chemokinél proteasedike serine proteaseand (3)

regulatory proteinssuch asepidermal growth factor (EGR)3]. Because ofhe breadth of different

SASP componentalong with their variable celb-cell expression, few studies have systematically

attempted to define the contributions of one SASP component relative to the others. &uch

experiment is complicated due toverlap between some SASP components (e.gh lahd 11-1) )

and the challenge of generating a genetic system where only senescent cells lack the SASP
O02YLRYSYyl 2F AYyGSNBade C2N 6KSaS NBIBRBR=S a{! {t¢
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The first group includes cytokines, chemokines and growth factors, of which the most studied are

IL-6 andIL-1. IL.-6 seems to play éundamentalrole in the paracrine and autwine maintenance of

the SASIP4, 95] It directly induces cell cycéerest and acts as a piitogenic factor in onggene

induced senescence-1h hasbeen demonstrated to act asipstreant regulatorof the SASHeing

necessary and sufficient to induce specific SASP factor exprg¢86joim particular,cell surface

boundlemh A & S &a Snfihk sehescereassociatedsédretioh of-B.and IL8, which are

known to reinforce the senescence growth arrggf]. Thiswasdemonstrated by the addition of

neutralizing Itmh I yiGAO2 RS ARSLEYSRIARY o0& wb! AYUSNFSNByC
senescenc@ssociated H6/IL-8 secretion. Furthermore, conditioned medium fromMLedepleted

senescent cells markedly recked the IE6/IL-8-dependent invasiveness of metastatic cancer cells,

indicating thatltmh  NB 3dz | §Sa GKS o0A2f2@FAOIE STFFSOGa 2F (K

The most prominent group of chemokines that is overexpressed and secreted by senescent cells are
CC and CXC chemokines such as monocyte chemoattractant proteinsi(MCH) -4, macrophage
inflammatory protein (MIP) 1a and 3&CL3, -20), monotactn-1 (CCi16), and It8 (CXCGB) among
others[23]. Furthermore growth factorsHGF, FGF, TGFGM-CSF, EGRRd IGFgan be assigned

to this first group[98]. IGF1 in particular has a dynamic effect on fibrobksacute exposition
promotes cell proliferation while prolonged exposition promotes senescdfég¢ The second
group includes severalktracellular enzymes like matrix metalloproteases MMRIMR10, MMP-

3 and serine proteases. These factors are capable of cleaving memboane proteins, thereby
destroying ginaling molecules and remodeling thetecellular matrix Thisenablessenesent cells

to modify their microenvironmen{100]. Moreover,small nonprotein canponents, such as ROS
and nitrogen species that damage neighboring cells, can be included in this[@@i)pThe third
group includes regulatory factors without @amwn enzymatic activity. However, when factors like
tissue inhibitors of metalloproteases (TIMP), the plasminogen activator inhibitor (PAI), and-insulin
like growth factor binding proteins (IGFBP) bind to factors from the first and second group, they
regulae their functioning. For example, TIMP inhibits the activity of most MIAB2] and the
function of IGFBPand IGF transport proteing103]. Finally,extracellular vesicles, in particular
vesicles associated with microRNH®4] can affect neighboring cells and cells located at a
considerable distance, both by initiating and suppressieliular senescencaelepending on the

composition of microRNAs.
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1.3.2 Regulation of the SASP

SASP productiois thought tochang as senescent cells st Superficially, his proces can be
subdivided into threephases[105]. The first phases the initial SASBecretion (possibly as a
defersive response to replicative failurahd begins immediately aftea DNA damageventand

lasts hours. However, this phase is not sufficient to initiate senesd@0é¢ The next phase is the
GSEFNXee¢ {!'{t LKIaAST gKAOK O2yiGAydzSa F2NJ aSOSNI ¢
most important SASP factossart to appear, among them-1h. During the next 410 days, the
secretion of most factors intensifies due to the autocrine effect of SASP, which ultimately leads to
0KS F2NXI GA2Yy [205] The ¥denisditdBattivaie Ithie SASP are still incompletely
understood. However, it is known, that the SABPregulated at multiple levels, including
transcription, translation, mRNA stability, and secret{@07]. Furthermore the SASP reliesn

autocrine and paracrine positive feedback loops that cause robust signal amplifif&tion

The DNA damage response (DDRXoupled tothe S/ASP expression. The knockdowh DDR
components such as ATM, Chk2, NBS1 and H2AX sttlecsecretion oSASPactors, including H-

6 and IE8[108, 109] However, the DDR cannot e only regulator as transient DNA damage sloe

not lead to senescence and expsan of the BSP. Moreoverthe activation of the DDR, but not

the presence of DNA damage per se regulatesstrgescent states and the SARB8, 110] This
hypothesis is supported by the fact, that the DDR is immedialtdéle the expression of the SASP
takes se&eral daysHowever, the cytosolic DNA sensor cGAS was found to link the DDR to SASP
initiation. In response to the accumulation of cytoplasmic DNA, cGAS finally activates the adaptor
protein STING, which is then activatingMN8=[111]. As akey player in the inflammatory response,
NFB has been shown to be of utmost importance in regulating the SASP expression on a global
level [95, 112] The activation oNF* .leads to the transcription of SASP related genes li& IL
[113]. Another DDRIependent mechanism of SASP regulatiovoives the transcription factor
GATAA4[114]. Normally GATA4 is degraded via pfdiated autophagy, a process that is
suppressed in senescent cells. This leads to GATA4 stabilization and accumulation, which facilitates

the initiation and mainénance ofNF¢ .activity [114]

The key player in DBRdependent SASP regulation is the stress kinase p38. It activates the
p16N“YRb signaling pathway, which mediate®ll cyclearrest in senescent cellgl15].The
suppression 038 has been demonstrated to prevent the sedogt of most of the cytokines,
chemokines and growth factors that built the SASES). Furthermore, maintaining p38 in the active

state over long time can initiate the SASP independent of any othmuktihat cause senescence
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[115]. Another key player in SASP regulation is the mTOR prdtemole of mTOR the regulation

of SASP was identified wti@o regulatory mechanismgL17]. On the one hand, it l|abeen shown

that mTOR can control the translation bflh and thus regulate the SAEFL.8]. On the other hand,
MTOR is db to prevent the degradation dhe transcripts of darge number of SASP fact¢id7].

The plethora of SASHnolecules as well as theontext dependentcomposition of the secreted
factors, leads to an increase in the number of studies focused on detailing the molecular

mechanisms of SASP regulat[@®9].

1.3.3 Effects of the SASP

The central difficulty in aging research deals with the secretion of bioactive SASP factors by
senescent cells. The competing models propose both beneficial and detrimental effects of the SASP.
The beneficial effects comprise the ability of the SASP teepitethe proliferation of damaged cells.
Moreover, the SASP provides the communication of the senescent cells to immunin aeélls

[120]. This indicates the appearance of senescent cells in the body, recruiting immune cells to the
site of damageAs a result, the mobilizeghtural killer (NK) cells, macrophages and T celigribute

to the removal of damaged or oncogergpressing cells from the organigi?1, 122]

On the other hangdthe accumulation of sgescent cells and the prolonged secretion of S&t®Rv
detrimental effectspromotingthe spread of premature senescence to neighboring ¢28s 92]

This can ultimately lead to disruption in the functioning of tissues, lacaie the development of
agingand various agassociate diseaseg123, 124] Moreover, i has been demonstrated, that
SASP compomés have the potential to promot@roliferation, survivabnd metastasis in already
committed precancerous cel[425, 126] In a young healthy organism, the positive effecthuf

SASP is well regulatgd19]. However, with age or in case of lesions, its effectivenean be
significantly impaired Thisleads to the accumulation of senescent cells in the population and,
consequently, to prolonged secretion of SASP fadtb?3, 128] Therefore, the outcome of the
influence of SASP components on the microenvironnmeay bedefined by the balance between

how long the senescent cells remain in the populatom their rate of elimination by the cells of

the immune system [12, X4 6]. The effects of SASP that are positive for the organism are due to
the temporary presence of senescent cells, whereas its negative effects are associated with the
accumulation of snescent cells and the emergence of a focus of chronic inflamnjaidn 129

131]. Once the SASP molecules are released into the extracellular space, they impact adjacent
normal cells via the auto/paracrine pathway. Byththe senescent cellmitiate cell cycle arrest

and stop proliferation in the neighboring cells. This greatly accelerates the development of CS in the
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population [80, 83, 117].t was shown, thathe SASP can also induce paracrine senescence in
normal cells bdt in culture and in human and mouse models in oncogene induced senescence (OIS).
Multiple SASP components were identified to mediate paracrine senescence, including TEF YA f &
ligands, VEGF, CCL2 and CCLZ20. Cells undergoing OIS can transini gamscence to their

neighbas thereby reinforcing senescence in the tis§a@].

The pleiotropic functions of cellular senescence can be both benedimibtietrimental, according
to the situation Moreover, the scopef secreted moleculeisextremelybroad, diverdied and even
context dependent. Aisresults incontradictory interpretations about the role of the SASP in the
pathophysiology of chronic disead@82]. In sum, the SASP is a complex networleofeted factors

that can have gositive or negative effect on cagicdevelopnent and drug response

1.4 Targeting senescent cells

A longstanding concept in aging research is that more senescent cells lead to more problems, for
SEIYLX ST GKS Y2NB 4aSySadoSyid OStta LINBaSyids GKS
state. Therefore, if less senescent cells are a desirable health objective, how can these cells be
specifically targeted? A breakthrough in senescence researchagtdaevedby van Deursen and
colleaguesvho created genetally engineered mice where p21 pogittells could be exogenously
depleted[133]0 ¢ KS& &K2¢SR GKI G OSNE 2fR YAOS KIFER AYLNER
cells were depleted. Subsequentiytragegies targeting senescencecells areclassified into the

following groups: (1) nopharmacological interventions that prevent the accumulation of
senescent cells, (2hroad pharmacological therapies aimed at reducing the amount of SASP
molecules produced by alreadyisting senescent cells, and (3) pharmacological therapies aimed at
reducing thenumber of senescent cells in the organisfeenolytics senostaticsand related

approachesjFigure 15).
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Figurel-5: Overviav of therapeutic strategies to counter the effects of senescent cédglapted from Montoyaet. al
[134]).

1.4.1 Non-pharmacological interventions

Caloric restriction is themost prominentapproach, especially with the general publ@aloric
restriction reduces body weight, body fat and plasaninsulin concentrations aneixtends lifespan

[135]. In mice,a 26% calorically restricted diébr three monthsstartedin adulthood reducs the
number of senescent cells in rapidly proliferating (intestinal) and slowly proliferating (hepatic)
tissues[136]. Caloric restriction, even if startedn adulthood, reducesfat deposition and the
concomitant increase in telomerassociated DNA daage focin hepatocyteqd74]. A study of the
human colonic mucosa showed that adults who had been voluntarily exposed to a 30% caloric
restriction (with appropriate nutrition) for over 10 years had signifibameduced expression of
pl6Nk4aand reduced local concentrations of8l137]. Theunderlying mechanismacluded a
reduction of ROS from nutrient metabolism, stimulation of autophagy, increased expression of
sirtuins, and enhancemerof normal DDR mechanisnj38]. At the organismal level, caloric
restriction leads to reduabns in bioavailable IGF[139], a known inducer of cellular senescence
[99]. Until now, research focused predominantly on the effects of individual nutrients and

sometimes foodshut rarely on dietary patternst turned outthat the populations of the scalled
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G. tdzS %2y Saé¢ Kl @S lifeelpdotancy antl ® reduge obeyit) tdBesuli iSto the

6 2 NI R Q &livetl eoyirBupitiedHowever, diet operates irrespective and together with other
factors as an appreciable contributor to survival, with a strength comparable to or greater than all
other measured variablgd40-142].

1.4.2 Drugs aiming for SASP reduction

Thiscategoryof compounds contains mostly moleculespagved for otherindicationsthat have
demonstratedanti-senescenceropertiesin vitro, in animal models, or in translational studies in
humans.The challenge witlin antiSASRtrategy lies in the ability to block the deleterious effects
of SASP proteins, without interiag with their antioncogenic propertiesThe anti-diabetic drug
metformin, which is able to block the SASP in transformed fibrohlest candidate for those
bispecific compoundg43]. Chronic metformin use is associated with extended life span and health
span, independent of itantihyperglycemic efficacjl44]. Notably, the precise molecular target(s)

of metformin remain unclear, despite it being the ntgsrescribed drug in the world. t®er anti
SASHnolecules are the immunosippressant rapamyciand related apalogslike temsirolimus
which inhibitparts of the mTOR 1anabolic signalingathway, andare often combined with other
immunosuppressives to bloakrgan rejectionin transplantation Rapalogsnhibit expressionof
several SASP members amtilieaseautophagy in senescent cell§145]. Rapamycin has been
demonstrated to extend maximal IHgpan in mammalian specidsis not clearhowever,whether

the drug slowslown aging or if it has isolated effects on longevity by suppressing caacether
effects[146]. Rapalogs can hawerious side effects, such as nephrotoxicity, thrombocytopenia and
hyperdyslipidemid147], which limit their use as an ardiging approachA third group é approved
drugs with antiSASP featuresre JAKSTAT inhibitoré | £ & 2 (G S NJY.Ste JASTAT|(Sigyak 6 & ¢ U
transductor and activator of transcription) pathway is an intracellular signaling cascade responsible
for many preinflammatory responses. Inhiion of this pathway has aanti-SASP effedh vitro
[148]. Since several JAK inhibgaare available for the treatemt of autoimmune diseasd449], a

natural extension would be to assess theitgnttial against cell senescence in humans.

1.4.3 Senotherapeutics: senolytics and senostatics

Overall there is conflicting evidencterefore,that broad antiaging therapeuticsuch as Jakinibs
or Rapalogs$ave the power to delay agingnlentirely differentapproach ighe elimination of
senescent cellshemselves These senotherapeutic strategies can destinguished in two
categories. The first category gobarmacological agents thatiminate senescent cellseBolytics

induce apoptosis in senescent celfwing the remaining nagsenescent population to preserve
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or restore tissue functionThe second categoare senostatics andenomorphicswhich interfere
with specific pathwagin order to restore the appropriate cellular function, prege viabilityand

prolong the lifespan

Treating senescencds complicated ini KS GNJ} RAGA2Y I f LI NI RAIY 27F
R A a S Beadlyficdarelesignedo be usedn combinationwith other compoundsand moreover
intended to go after whole networksather than a single targetDasatinib(a kinase inhibitothat
wasoriginally developed to target B&BL, but has a much broader target rangedl quercetin(a
flavonoid commonly found in dietary supplementse first generationsenolyticsand induce
apoptosis of certain types of senescent c¢ll50, 151] More importantly, the combination of
dasatinib and quercetin allevisgeseveral senescenezssaiated phenotype$150]. Another class
of senolyticsare BCL2 inhibitors such aavitoclax[152], which is clinically indicated for adult
chronic lymphocytic leukemidroblematic withall three agents was thahey seemed to sensitize
some, but not all types of senescent cdil$0, 152] Even though new senolytics have been
developed in recent years, all of these reagents still show undesirable side effects. Thérejore
cannot be used to targeaging[124]. Moreover senolyticsappear towipe out not only the

detrimental, but also the beneficial effects of senescent cells.

In contrast to senolytics, sestatics do not kill senescent cells but inhibit ithearacrine signaling
and therefore block the spreading of senescence vialthistander effectTwo different strategies
are appliedfor the development ofsenostatics:.generalized agents, modulating thmaracrine
signaling network, and precision senostatics, inhibiting only particular components in the signaling

composition. For generalized senostatics, several therapeutic targets have been emerged and

examined, like for example NF. ® |  LJ2ble® ffritakgeting sudNIactorss that they have
also important nonsenescence retad functions. For example NF. Ltn legséntial role in

controlling acute inflammatory response and immune respofi&8]. Precision senostatics have

not been seriously considered yet because the composition of the paragignaling of senescent
cells iscomplex ancheterogeneousconsisting of a plethora of different factof23]. Moreover, it
dependson the cell type, the stage sEnescencand the type of senescence inducing stinflfi4-

156]. As our current understanding of senotherapyds from complete many challenges are still

to overcome for a successful drug development progfasi, 157] In future clinical trials focusing

on the elimination ofsenescent cells, it will be important to determine when to initiate the
treatments (age of the patients), the schedule (continuous, periodic and/or sporadic), as well as the

specific narkers to determine the efficacy of the therafiy68].
22

a2y



Introduction

1.5 The interaction of senescent cells with immune cells

TheSASRas leen proposed to aid immune celttraction. This is consistent with the composition

of the SASP, which contains many chemokirldgis immune activatiormay result in tumor
clearance, suggestintne senescence program beiagleto prevent cancer developmeif23, 159]
Furthermore, itis hypothesized that the induction of senesceratber than cell death may provide

a more effective strategy for targeting canc§t82]. Senesent cells areble to activate botlinnate

and adaptive immune response Reactivationof endogenous p53 in p58eficient tumours can
produce complete tumpregressionThis was shown using RNA interference (RNAI) to conditionally
regulate endogenous p53 expression in a mosaic mouse model of liver cardi®@®hd he primary
response to p53 was not apoptosis, but instead involved the induction of a cellular senescence
program that was associated with differentiam and the upregulation of inflammatory cytokines.
The innate immune system was activatég increased expression of transcripts specific to natural
killer (NK) cells, macrophages and neutrophitdiltrating the tumors following p53 reactivation.

This eentually resulted in tumor clearan¢&60].

Moreover, cells of the innate immune systesuch as NK cells, macrophagesl neutrophils were
found in the proximity of senescent cells irfibrotic livers. $nescent activated stellate cells
generated during liver damage were shown to be preferentially killed by NK cell$nbetho and

in viva In doing so, immune clearances#nescent cellgieldedanother benefit the resolution of
liver fibrosis following damge[161], which occurred when cells were unable to entiee senescent
state. Whilst mechanisticallNK cells have been the primary focus to date in regard to immune
surveillance of senescent cellso other innate immune cellappearto be important. A study
demonstrated that p53xpressing senescent stekatcells release factorsvhich promote
macrophage polarization towards a tumimhibiting M1 state capable of targeting senescent cells
in cultures[162]. M2 macrophagefave highphagocytosicapacity[163] and thus mayhave the
potential to also induce cell death in senescent cll4]. Interestingly, macrophages may also
promote indudion of cell senescence tmmor cells as a possible argancer mehanism.in 2011,

it was demonstrated that premalignant senescent hepatocytes undergo immumediated
clearance by CD4 cells[165]. The presence of major histocompatibility complex class 11 (NMHC
molecules on senescent hepatocytes appeared to be important for dkitictg, even though the
presence of monocytes/macrophagegs required Whikt senescent cells may promote T cell
recruitment for their clearance, T cells may also induceulzglsenescence in cancer cells as a

mechanism to limit cancer progressifi66].
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Macrophages, as the main phagocytic cell type in the mammalian orgdikietpplay a major role

in the recognition and clearance of senescent cellskey questionis whether macrophage
mediatedprocesses underlying thecognition of senescent cebise specific assenescent cells are

self CdzNI KSNY2NBzx aSySaoOSyid OStta R2 y2i asSSy G2 SE
such as surface phosphatidyl serifftdSer)on apoptotic cells that signatbeir engulfment (see

below). Thus, detection of senescent cells by phagocytes is an important concept that will be

addressed in this thesis.

Macrophages are phagocytes: when they encouattrget, three distinct processes have to occur

at the sametime. First, a phagocytevaluatst KS G NBSG F2NJ 6KS F0aSyO0S 27
that prevent phagocytosis of normalceliss nt A& +Fy AYLERNIFYy(d aR2y Qi St
discussed throughout the thesiSecond, the size of the target has to be determined. Very little is

known about target size discrimination by phagocyta# this has importantimplications for

medical device failure (titanium rods, breast implants, §6.7]) and largendigestibletargets that

drive phagocyte death and inflammation (asbestosis fibers, for exarfii8]). Third, most
LIKF3208iGA0 Gl NBSGA SELINB&a dénesced kefls maybSatso expgrel3s/ | f 0 R
specific cell surface antigerj$69]. Thiswould not only provide insights into the mechanisms

mediating immune cleance, but would also providmeans to specifically identify senescent cells

in tissuesHowever,possession of specific molecules that provoke phagocytosis seem unlikely and

such molecules are unbstantiated in the literaturd170]. Senescent cells display higt@mounts

of ROSresultingin changes in cell metabolism and/or the presence of dysfunctioritaamondria,

which can lead to the oxidation of phospholipid¥1]. During apoptosispxidizedlipids on the

surface of cell membranes can function as pattern recognition ligands promoting macrophage

recoqnition [172].

1.6 The role of macrophages for the immuyestem

Macrophages are differentiated cells of the myeloid lineage foundviery tissue of thebody.
Although phagoygtosis and microbial killing were theardinalfunctions d macrophages to be
described[173], they perform a broad range of important immunological functions during the
innate responseand also contribute to the maintenance of tissue homeostasis and tissue repair
[174, 175] On a cellular leveimacrophages holdhe following functions: (1) phagocytosisf
pathogens, infected omdead cellsand cellular debris(2) antigen presentation by isplaying

processed antigenassociate with major histocompatibility complex (MHC) reolles and (3)
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production of trophic factors, immunologitanedators and effector moleales, such as different

types of cyt&ines, including HL, I.-6 andtumor necrosis factof  6-¢ BLT5, 177]

1.6.1 Development andirculation

Macrophages originate frorthree types ofprogenitors. First, microglia (the macrophages of the

brain) originate from the yolk sac and populate the developing nervous system very early in
embryogenesis. Once the blood brain barrier is establishedpver of microglia is extraordinarily

slow (in homeostas) [178]. The second s@oe of macrophages arises from myelaigthroid

progenitors in the fetal liver; these cells populate all embryonic tissues and give rise to the alveolar
macrophages and intestinal macrophages present at pirfi9]. Fate tracking studies were used to

define theturn-over of themyeloid-erythroid macrophages, which varieepending on the organ.

In the case of the intestine, 100% of the myeleigithroid macrophages are replaced by one month

with monocytederived macrophages, while alveolar macrophages are reglacer years (in mice)

[180].The third and pedominant macrophage swce aremonocytesfrom bone marrow myeloid

progenitors which are produced continuously through lif§l81]. One of the most imortant
O2yOSLJia Ay YIONRLKII3IS NBaSINOK FNRY GKS LI ad ¥FS
to the specific macrophage type needed. Thus, transfer of peritoneal GASmAlGryo-derived
macrophages into the lung causes rapid (hours to daysyearsion into a macrophage that is
molecularly nearly identical to an alveolar macrophd$@2). The process of tissue A Y LINRA Yy G A y 3 €
makes sense in that seeding of organs from the monocyte pool must cause conversion to a
macrophage type needed for specific tasks in that environnié88]. The enire process of
macrophage seeding also controlled by niche competition, which regulates firoportion of

macrophages in a given tissder example, the regular spacing of Kupffer cells in the [1@4].

1.6.2 Plasticity and polarization

Macrophages ar@ntrinsicallyheterogeneous and their phenotype and functions are regulated by
the surrounding micrenvironment. Macrophaggpolarization(or activation)is a process, by which
macrophages phenotypically mount a specific phenotype and a functional response to the
environmental stimuli and signals that encounter in each specific tisswk context[185]
Macrophages have the ability to change their activation states in response to growth factors (e.g.,
CSH. and GMCSF) anaxternal cues such as cytokineed microbial productsbut also other
modulators including nucleotid@erivatives, antibodyFc receptor stimulation, glucocorticoids,
infection, phagocytosis and potentially any other entity capable ofndperecognized by

macrophaged186]. The activation of macrophages has emerged as a key area of immunology,
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tissue haneostasis, disease pathogeneaisd in resolving and neresolving inflammatior{184,
187]. Monocytes and macrophages migrate to the sites of inflammation or injury to eliminate the
primary inflammatorysignals and finally contributey wound healing and tissue repdit88]. This
process is mainly initiated by pathogen esisted molecular patterns (PAMPS), released from
invading pathogens, and damagssociated molecular patterns (DAMPs), released from damaged
or dead cell§189]. In addition, activation of tissusesident memory T cells by antigens can trigger

the recruitment ofmacrophages via secretion of various inflammatory cytokines and chemokines.

Two major macrophage activation states are commonly described: classically activated, or
inflammatory (M1) and alternatively activated or aimflammatory (M2)macrophage$Figurel-6).

The phenomenon of the two different M1/M2 phenotypes is typically referredthie term

Yl ONR LK I 35 [1062 19L] MAile in firdcBcy, such a dichotomy does not exist except
under specific (and largely laboratory conditions), the polarization paradigm is both @aseful
misused at the samdéime [186, 192] Accordingly, herein, precision will be used to refer to
macrophage polarization and caveats and limitatians noted where appropriate. An additional
issue is species specificity in the gene and protein expressiogrpaibf, for example, human versus
rodent versus swine polarized macrophages, which are likely tailored depending on the immune
response needed balanced with cost: high production of reactive free radicals in rodent
macrophages may damage DNA but at a loest due to reduced lifespan and increased

reproductive fitness compared to (relatively) loliged primates.
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Figurel-6: Overview of diffeent stimuli, secreted cytokines, and biological functions betwe&til and M2
macrophages.

M1 macrophages are induced by Thl cytokines, such as IFN Y R ¢ bAG/ O2YOoAyl GA2Y
pathogenderived molecules such as lipopolysaccharide (LR®&aberialcytidine-guanosine (CpG)
These macrophages produce and secrete-ipftammatory cytokines like TNFZ-m L Em i L3p, L |
IL-12, 1123, cyclooxygenas2 (COX2) and require autocringaracrine production of HLO to
suppress (in part) their primflammatory functions. At the functional level, M1 macrophages
participate inthe removal of pathogens during infection through activation of the nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase system, and subsequent generatigtivef
oxygen species RO$ and nitric oxide (NO) production. Therefore, M1 macrophageseha
antimicrobial and anttumoral activity, mediate RGiduced tissue damage, and impair tissue
regeneration and wound healing. To protect against such tissue damage, the chronic inflammatory
response is inhibited by numerousgulatory mechanisms of whi¢he immunoregulatory function

of M2 macrophages an important componeritL76, 185, 193]

M2 macrophages, which are in most cases-arftammatory,are polarized by Th2 cytokines &
and 11:13 via activating STAT6. Besidel land IE13 other cytokines such as-I10 control M2
polarization via activating STA[M®4]which, for example, induces increased sensitivity 4 dnd
IL-13 signaling[195]. M2 macrophages have an amflammatory cytokine profile, whichs
charaderized by low production of L2 andrelativelyhigh production of both HLO and TG¥F [196,
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197]. Functionaly, M2 macrophages have a relative increase in phagocytosis capacity (compared to

M1 macrophages), scavenge debris and apoptotic cells, promote tissue repair and wound healing,

and possess prangiogenic and prfibrotic properties[185, 193] Therefore, in general, M2 cells

take part in type 2 immune respses and have key roles in helminth clearafi@8], dampering

of inflammation, orchestratingthe promotion of tissue remodeling174], angiogenesis,
immunoregulation and tumor formatioand progressioi199]. However, the M1/M2 phenotype

does not reflect the different phenotypic subsets of macrophad@30]. Exposure of M2
YIONRLIKI3ISa (2 am aAiradyl t akElR2 2 NNIBAIOBINBYIENE YNy @ KB O K
differentiated macrophages is another evidence of their high functional plasticity which can be

potentially pursued for therapeutic godl201].

Three broad pathways coordinatnd contribute b macrophage polarization(1) epigenetic and

cell survival pathways that prolong or shorten macrophage development and viability in
inflammatory environments;(2) factors specific to digct tissue microenvironmentand (3)
extrinsic factorssuch as mi@bial products and cytokines released in inflammation that are the
primary drivers in establishing the polarized state. Numerous intellectual and practical advances
have provided a framework for rationally describing and manipulating macrophage polarizatio
However the phentype of an activated macrophageithin a given time and space does not

necessarily signify its functigh90].

1.6.3 Antigen presentation

Macrophages are antigen preg@ng cells (APCs) and thereby initiate and regulate the immune
response. Capture, endocytosiad presentation of self or foreign antigen are important features

of macrophage biology, which providéne link between innate and adaptive immunif202].
Macrophages reside in all organs where they control the surrounding tissue for invading pathogens.
They alert the immune system to the presence of pathogens by engulfing them, processing their
antigens and presenting the peptide fragments bound to huteakocyte antigen (HLA) molecules

on their surface. After antigen processing, macrophages migrate toward the T cells to prime and
stimulate them[177]. Activated macrophages express high levels e$taaulatory andantigen
presenting molecules sh as CD80, CD86, and MHC dassl Il molecules on their surface. The
precise and relative relationship between macrophages and other specialized migratory and tissue
resident dendritic cells that perform specific antigaesentation functions (e.g. cross presentation

of antigensg extracellular antigens processed for CD8+ T cell recognition on MHCI molelyles

BATFalependent cDC1) remains unclear and one the most controversial topics in immunology.
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1.6.4 Removal of deadetls- efferocytosis

Cell death is a universal feature of infected and damaged tissues. Cell death can occur by

dzy NE3dz F i SR alF OOARSyGlfté¢ YSIya adzOK Fa YSOKIYyAO
of inflammation. Apoptosis is the most pronent mechanism of programmed cell death observed

in inflamed tissuef203, 204] The stimuli that triggeapoptosis within inflamed tissues vary widely

dependng on the type of inflammatiorand can be due to pathogetterived, hostderived or

iatrogenic stimuli. Unwanted cell clearance via the phenomenon of apoptosis is defined as

efferocytosis and is dependenn mostly specialized phagocytes like macrophages.

The mechanisms of efferocytosis follow the execution of the three main efferocytosis signaling
programs:(1) éfind-me¢ signaling, the chemoattractasmhediated recruitment of macrophages to
apoptotic cel, (2) deat-met signaling, the receptemediated recognition and engulfment of
apoptotic cells, and3) postengulfment signaling, the signals related to the phagolysosomal

processing of engulfed cellular material.

In order formacrophages to engulf thetarget, they first must find a cell undergoing apoptosis. This
find-me stage of efferocytosis is mediated by the release of numerous soluble factors that attract
macrophages to the site of cell ded®05]. Keydfind-meg signals include triphosphate nucleotides
(ATP, UTH206], the chemokine CX3C[2D7], and the signaling lipidgsophosphatidylcholine and
sphingosinel-phosphate (S1H208]. While all of these factorsan stimulate macrophage migration

to apoptotic cells, the relevance of individuéihd-meg signals in efferocytosis depends on different
factors including phagocyte and apoptotic cell tygsewell as the apoptotic stimuland the stage

of apoptosis baig studied209]. Also, some of theséfind-meg signals function as key modulators

of macrophage inflammatory responses.

The engulfment of apoptotic cell by macrophages results in the acquisition of excess cellular
materials such as lipids, carbohydrates, proteins and nucleic acids. Macrophagegusancaithis
increased metabolic load by activating degradation and efflux pathwWag8]. In addition,
engulfment of apoptotic cells engages multiple metabolic sensing pathways in macrophages. This
plays an important role in controlling phagocytosis and immune signgiiily 212] Among these
metabolitesensing mechaniss, the nuclear receptor (NR) family of transcriptional regulators
including[ - wh 2 [ - wi X t t 238} pkovided theweststudied ink between sensing
ingested apoptotic cells and the macrophage efferocytosis machj@éd). Further genetic studies

have identified multiple NR family members as critical regulators of macrophage efferocytosis
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in vitro and in viva NR activation can enhance the transcription of engulfrrefdted genes in
macrophage$215]. This includes also PtdSer receptors modulatingatiirity of multiple NRs.HE
cellular source or precise molecular nature of the full range ohidRulating ligands relevant for

efferocytosis is to date not cleget.

Phagocytosis is required for a broad range of physiological functions, from pathogen defense to
tissue homeostasis, but the mechanisms required for phagocytosis of diverse subsénaigia r
incompletely understoodFor that reason recent studies use broad screening methods to reveal the
complex structure of phagocytosiSne studyusing aCRISPR scregtentified the previously poorly
characterized gene NHLRC2 as a central inhibitayeplin phagocytosis. The inhibitory effect on
phagocytosis was further validated via SgRNA targeting and clonal knockout in RA\&264937

cells and moreover in primary human marcophages. The study further exposed that NHLRC?2 is
enabling RhoA&Racl dnen cytoskeletal rearrangement during initiation of phagtsis and
filopodia formation[216]. Another study characterized the transcriptional program of macrophages
during phagocytosis via RNA sequencifigs reveald the specific modulation of solute carriers
(SLCs) during efferocytosiBhe different steps of phagocytosis, activate distinad amerlapping

sets of SLCs and other molecules to promote glycolysis. Further, lactate, a natypebdyct of
aerobic glycolysis, was released via another SLC (SLC16Al) that was upregulated after corpse
uptake. While glycolysis within phagocytes contributed to actin polyratoia and the continued
uptake of corpses, the lactate released via SLC16A1 influenced the establishment of-an anti
inflammatory tissue environmeniThe study identifiech previously unknown reliance on aerobic
glycolysis during apoptotic cell uptake artbgred that glycolytic byproducts of efferocytosis can

influence surrounding cel[217].

Efferocytosigsy 2 4 F &AYLX S & 3| NisteadSit altikely lshages theéimmumit OS 4 4 ©
influencing tissue restorative programs. Macrophages, as main phagocytes involved in this process,

have the ability to engage specific molecular pathways that control both phagocytosis and immune
signaling such asuch as TLRs, interferoasd the RIG-MAVS pathwaj213]. Thidinkage supports

the idea that the process of dead cell clearance is not simply an end unto itself. Quite the contrary,

it suggests that the efferocytosis process provides key physiologic status information regarding cell

death and tissue health to the immme system via macrophages (and other phagocytes).
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1.7 Efferocytosis signaling

Efficient elimination otinnecessary and apoptotic cells is the purpose of homeostatic maintenance
to promote tissue growth and enablbe regulation of immune respons¢218]. However, dying
cells must be properly recognized and rapidly eliminated betbesloss of membrane integrity

leads to thdeakage of potentially cytotoxic or antigenic contents.

1.7.1 & 9-¥ § signals

The process of apoptotic cell corpse removal by professional phagocytes is camgleonsistef

two central elements: (1) recognition and (2) engulfment of thkget. For the recognition by the
phagocyte, the apoptotic cell displays differentaaled deat-meg signals on its cell surfac&he

most common and best characterizedrface change on apoptotic celésthe loss of phospholipid
asymmetry in the plasma memdme and the translocation gthosphatidylserineRtdSe) from the

inner to the ouer leaflet of the lipid bilayerThe exposure of PtdSer occurs very early during the
apoptotic process and is almost universally required for engulfm@nte at the apoptot cell
surface, RISeris recognized by different phagocyte receptoas, which the most prominent
representativeis the PtdSerreceptor [219]. PtdSerbinds tothe PtSer receptomdirectly via the
bridging molecule Annexin I (Anxl), an intracellular protein, which translocates duringoajsop
from the cytosol to thePtdSerrich plagues in the outer leaflet of the plasma membrd220].
Maskirg PtdSer on apoptotic cellsr preventing the PtdSeexposureblocksin vitro and in vivo
efferocytosis in peritoneal macrophag@21]. Whereas, when PtdSer is irreversibly exposed on the
surface of healthy cells, theyre ergulfed alive by macrophaggimdicating that PtdSeexposure is
necessary and sufficient for engulfmendirect deat-me¢ signals can also appear through the
specific interaction of serum proteins withe surface of apoptotic cell§hese exacelular bridging
moleculesmake apoptotic cells more susceptible to phagocytosis by providing recognition sites for
a greatemumber of phagocyte receptors, which include$ @A (i N2 y S Q G-iktggrinNIBeO S LIG 2 NJ 6
receptori @ NP AAY 1 A VY I addycopr@eidE SHIRecépiof@22]i Moreover,bridging
moleculessuch asmilk-fat-globuleEGHactor 8 (MFGES), growtharrestd LISOA FA O ¢ o6 DI &c 03
glycoproteinL  -&GPI}223] are also involved in efferocytosignother PtdSer binding bridging
protein hasrecently been described with protein S (ProtS), which is known to bind to receptors of
the Mer receptortyrosin kinase familyj224]. Other extracellular bridging molecules known to
facilitate engulfment have also been linked to the recognita@dnaltered sugas. These include
certain members of the collectin family, such as surfactant protéimsd-D (SPA and SH) and
mannosebinding lectin (MBL), as well as the colleathated first component of the aksical
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complement cascade, C1§PA, SPD, MBL and C1g bound to the surface of apoptotic cells are then

recognized through the interaction of their collagenous tails with another $elubolecule,

calreticulin (CRT)astly, thrombospondid (TSHL) is an extracellular matrix glycoproteiastribed

to bind to apoptotic cells through an interaction with CD36tla surface of apoptotic cellISPL

Aa NBO23ayAl SR o6& I O2 2 LISNI.imsED36 nipdagodyyes 1 KS Ay G S3

1.7.2 dDon'teatY S signals

Living cells can also activglsevent their ownengulfment by presentingdon't eat-meg signals to
phagocytes.For example,CD31 on viable neutrophils mediat¢he disassociation from the
phagocyte surface and thereby prevsttieir ingestion[225]. Defective CD31 signaling in apoptotic
cells cancééd this effect and allowed engulfmeifi213, 226] Moreover, CD31 interaction can
RAAONAYAYIGS 0SG¢6SSYy ILRLG2GAO yR @AlLofS OSftfa
viable cell§225]. This mechanism preveniagestion of viable selfellsby macrophagef218].
Probablythe beststudied example of a selR 2 ye&-inet signal is the inhibitory molecule CD47.
CDA47binds SigniaRegulatory Protein or SIRRalso called CD172a or SHBS:xpressedn the
phagocytesurface When engagedby CD47, SIRPrecruits and activatesSH2containing protein
tyrosine phosphatase (SHP)or SHR2 on its phosphorylatedmmunoreceptor tyrosinebased
inhibitory motif (ITIM).The activated SHP or SHR2 subsequently blockiyrosinekinase nediated
signal transduction, and especially sigmahsduction linked to phagocytosiSD47 stimulation of

{ Lwt bhs, forfex@dplelgG or complemeinduced phagocytosi@27]. CD47 on red blood cells
functions as ax R 2 gafinie¢ marker byrepresentinga negative engulfment signal to splenic red
pulp macroph 3Sa G KNRdzZAK U KIi® kedpibg with this Nd®t Seating Mdfect,
erythrocytes from CD44leficientmice are rapidly eliminated from the bloadreamof wildZype
recipientsin vivoand phagocytized by wiltype macrophage vitro[228]. Similar to CD31CD47
expression is reducedn many cell typesluring apoptosisit is not known whetheithis dowrZ
regulation or redigibution is sufficient or whether additional, fictional alterations also occur
[229]. In any caseapoptotic cells (0Cd4 7« viable cells) are no longer abletostaf S { Lwt h |y
the downstream SHR. Mable cells or soluble CD47 construcis the other handare highly
effectivdy stimulating{ L wAlthough CD47 appears to be a critical regulator, it is highly unlikely
to be the only inhibitory signal preventingptake of viable cells, which may have to be blocked to

permit uptake of apoptotic cellR30]. Three examples are described below.
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Manipulation of the CD4BIRP axis has praatal consequences iexpeimental medicie. This
includes: (1) human SIRPis used in transgenic mice as a way to suppress mouse phagocyte
YSRAFGSR Sy3dz FYSyid 2F KdzYty KSYIF{G2LR2ASGAO OStft a
mice. Along with multiple human cytokines, SIR® one transgenic component of MISTRG mice
developed by Flavell to facilitate human blood cell engraftment into immunodeficient [28%.

(2) CD47 forra a keystoneof xenotransplantation efrts. In ths context transplantation offor
example an engineered pig heart into a human beo@nes with the cost that the swine CD4
cannot suppress the humardeat-me¢ signals[232]. As such, along with the many other
complications of xenotransplantation, host recogmitiand phagocytosis of engraft xenogans is

a key element of new approachés suppress graft rejection. TBupigs are being engineered to
replace their own CD47 with human (or primate in the case of experimental transplantation) CD47
to suppress phaggtosis through the cognate SIRR233]. (3) CD47 potentially forms a barrier to
tumor cell engulfment. In this setting, antibodies that block the GBYRP axis have been tested

Fa | gleé& (2 SyKIFyOS NBO2 H:SA (iTr2 i [@B2RonCii&Seldmdl y OS 2 F
related experiments, several important facts about the biology of the CRIRP axis have come

to light. First, CD47 is only one of possibly many-amgulfment pathways, which are now know

to include ©22, CD24 and Sigi0 [235]. Second, genetic elimination of the CE&IRP axis
causes relatively minor phenotypes, suggesting other pathways are needed to suppress self
engulfment[236]. We need to keep in mind that organ and cell transplantation is an invention of
the last century and entirely nenatural; no human physiological pathway evolved for organ
swapping. Thus, the precise functions of pathways such as the-EIB#7axis evolved to control
phagocytosisStrikingly this thesiglemonstratesthat the expres®on of CD47 changes on senescent
cdls. Accordingly, the structure and interaction of and wtB47 wilbe important forthe work

describedherein

1.7.3 &Comegéd-Y S signals

Both ceat-meé and & R 2 ¢afiniet signals are crucial for the ability of phagocytes to recognize
apoptotic cells. However, these signals can only apply when the phagocyte and apoptotic cell are
proximd [237]. Therefore attraction signals must exist to induce thdgration of phagocytes to

sites of apoptosis to facilitatehe rapid removal of dying cellpart from the active display of

& S-mék signals, apoptotic callose the ability to present R 2 gatnigg signals to the phagocyte
During apoptosis, the sighag of CD3hAnd CD47s disabledsuchthat thetargetapoptotic cell does

not actively reject the phagocyte anymore. The lack of this repulsion signal togettiethe
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interaction of thedeat-meg signals and their respective receptors causes the attactinoé the
apoptotic cell to the phagocyte, triggag the process of engulfmeti225]. Moreover, goptotic

cells, but not nonapoptotic cells, secretea chemotactic factor into theenvironment.
Caspase3-mediated activation of Caindependent phospholipase APLA2) in apoptotic cells was
linked to the release of thehemoattractantlysophosphatidylcholine (LP[237]. Supernatants of
apoptotic cells or purified LPC could attract macrophages upon intraped or subcutaneous
injectionin vivo. One probable explanation is that most LPC exists in a form unavailable for receptor
activation. In plasma, LPC mgimesides in complexes with hydrophobic serum proteins, such as
albumin or lipoprotein complexes, which neutralizeiibit LP@nediated responsesTherefore,

the phagocytes might be respondingdgarticular metabolite of LP[238]. It is also possible that
LPCis released by apoptotic cella conjunctionwith an additional factorwhich prevents the
binding of inhibitory componentsCther recruitment signals also exist. Apoptotic cells secrete
increased levels of thrombospondin, which can recruit macrophamg@sranswell chemotaxis assay
[239]. A plethora of molecules that are involved in the recognition of umiwd and wanted cells

has been identified. Sinammplete inhibition of uptake has never been demonstrateden when
multiple reeptors are inhibited,phagocytic receptors seem to exist in extensive redundancy.
However, mechanisms probably vary accordimghe phagocytic cell type and activation state, as
well as the apoptotic cell type, apoptotic stage, apoptotic cue and/or the local environment of the

apoptotic cell[218].

1.8 Aging and aeurodegenerative disease

Cellular senescence is associated with itt@st common neurodegenerative diseases. Neurons in
these neurodegenerative diseases expressllular senescence markers, including senescent
microglia, senescdrastrocytes, senescemeurons andeveral SASRBctors[240]. Moreover, aging

is known as the primary risk factor associated with most neurodegenerative diseases. As described
before, cellular aging is defined as the slow decline in stress resistance and accumulation of damage
over time. While differat cells and tissues can age at different rates, the nine hallmarks of aging
have emerged to better define the cellular aging process. Strikingly, many of these hallmarks of
aging are also hallmarks of the etiology of several neurodegenerative disord2s} I{k&telomere
shortening, persistenyl activated DNA damage response as welhaseasedproduction of SAi -

gal and increased pP644[241].
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1.8.1 Clinical features of neurodegemtive diseases

Common neurodegenerative diseases dzOK | & FfT KSAYSNRA RAaSIass
amyotrophic lateral scleross ' yR |1 dzydAy3dz2yQa RA&SIFAS 6150 I N
increasing prevalence in modern ageing socieflé®y are altharacterized by progressivess of

selective populations afieurons This results iran altered physiology of the brain and alsd the

innervated peripheral organ#s different neurodegenerative diseases target unique brain regions

and have distinatlisease pathologies and clinical symptoms they are generally regarded as separate

clinical entities.Moreover, they are allassociated with a broad spectrum diverse clinical
presentations. These include, amongst others, highly debilitating illnesseggitive decline,

dementia and alterations in high order brain functid@g2]. However, despite their wide range of

different clinical manifestations, each disease shows commonalities, including their chronic and
progressive nature, increase of prevalendth age, destruction of neurons in specific areas of the

brain, and selective brain mass loss. Moreover, they share another common event: intracellular and
extracellular protein aggregation. NB & S y-§8uclénfin Lewy bodies throughout the cortex is

a primary feature of Dementia witLewy Bodies K 2 ¢ Sy&NiB ha$ also been demonstrated

in the dopaminergic neurons in a séi of Parkinson's diseapeatients and in the amygdala in about

60%ofdi Iy 2a SR ! 1 KateMsNI24a5) RahsaGive Ee§pondeNA binding protein

43 (TDP43)inclusions are hallmarks of certdfnontotemporal Dementiagand Amyotrophic ateral

Sclerosig246], but have also now been demonstrated several other types ofixeddementia

[247].

The diseasaassociated proteins involved in distinct NDs differ in terms of sequence, size, structure
expression leel and function. However,the cellular and molecutamechanisms of protein
misfolding, its intermediates, enproducts and main features are remarkably similar. For most ND

the associated protein(s) is often considered to be misfolded, evading both the protein folding
proteostasis machinery and celluldegradation mechanisms, beginning to form aggregates that
nucleate out into large fibrillar aggregat¢®48]. Evidence to date indicates that, although they
differ in amino acid sequence, the various proteins involved in neurodegenerative diseases share

common structues in their aggregate fornj249, 250]

182 ! 3INB I GA2Y YyR LI GK23SySara 2F ldzydAy3az
| dzy Ay 3G2yQa RA&ASIAS A& Ly |dzi2a2YFf MR YAY Ll yi
precisely, HD is a hyperkinetic motor disorder with mdinked physical impairments. As HD

progresses, motor dysfunction increag251]. It is defined in three stagesvhereas the severity of
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the symptoms increases with the progression of the dise&searly stageindividuals are largely
functional, with subtle loss of coordinatiom middle stage individuals have increasing difficulty
with voluntary motor taskdn addition to light cognitive impairmentin late stage, individuals
require assistance in all activities of daily living due to severe impairménnotility and
furthermore showuncontroled movement, mental instabilitgnd loss of cognitive functiof252-
254].

HDpatients show many clinical symptoms, likgnitive impairment progresses, manifesting as the
inability to control executive functions such as planningpibiting inappropriate behavioand
abstractthinking. Further aspects atbe loss of self and spal awareness, deession, dementia,
mood swingsand anxiety. Mechanistically, HD is caused by mutations in the HTT gene, which
encodes for huntingtifi252]. The Nterminal encoding region of HTT contains a trinucleotide repeat
of cytosineadenineguanine (CAG), which encodes glutamine. The length of this trinucleotide
repeat varies from individual to individual. In general, it is between 16 amdfatsbut in mutant
forms of huntingtin (MHTT), the length of CAG expands beyond 35 repeats. Tégs exc
polyglutamine residues at the-términus of the translated huntingtin protein leads to impaired
protein folding resulting in cytosolic selfjgregation, and nuclear inclusion bodies. These inclusion
bodies can lead to excitotoxicity, oxidativeests,impaired energy metabolisrand apoptosis in

neurons[255].

While several biological processes decline with age, they seem to decline more rapidly in patients
with HD, suggestg a synergistic interplay. Animal models of HD and HD patients show markers of
accelerated aging, further implicating the role of aging in HD pathogenesis. While mutant HTT is
present ubiquitously throughout life, HD onset typically occurs inlifédauggesting that aging may

play an active role in pathogenesis. There is a wide overlap between the hallmarks of aging and
cellular alteration in HD, creating the hypothesis that delaying biological aging could delay onset or
progression of HD symptoms. Iredithy neurons, biological aging occurs over time, which
eventually decreases stress resistance in cells. This decrease in stress resistance leads to an increase
in unrepaired DNA damage, resulting in telomere attrition, finally leading to cellular ssmesdn

HD affected neurons, utant HTT accelerates aging by intensifying particular hallmarks of aging.
This may lead to the hypeausceptibility of HD affected neurons to stress, thereby a further increase

in DNA damage, and, as a result, accelerateshtere attrition. This increase in DNA damage could
also lead to an increase in somatic instabilitytier increasing toxicity of otant HTT. While it is

importantto point out the toxicity of mitant HTT on its own, in both aging and HD, many of these
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cellular toxicity. Antiaging therapies could be beneficial for multiple components of HD.

Increasing evidence suggests that ND pathogenesis is not restricteé ttetironal compartment

but also involves immunological mechanisms. Microglia are the resident macrophage cells of the
central nervous system (CNS) and act as the first and main form of CNS immune defense. Misfolded
and aggregated proteins seem to bindgattern recognition receptors on microglia and trigger an
innate-type immune response involving the release of inflammatory mediators, which then drive
disease progression and sevefi®p6, 257] Immune cell activation could potentially be one of the
mechanisms by which protein aggregation cdmites to neurodegeneration. Conversely, microglia
have also been associated with a protective function in neurodegeneration. They cluster around
protein plaguesand can remove protein aggregatgb8]. While there is increasing evidenteat

the immune system plays a pivotal role in in the context of neurodegeneration, exactly how the
immune response is modulated remains unclear. Understanding the interplay between immune
cells and protein aggregates is therefore central to understandivey temporal process of
neurodegeneration and may ultimately hold the key to prevent or delay the onset of

neurodegenerative diseases. This major question will be tackled, in part, by the work in this thesis
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Answering the question of why we age is a component of answering fundamental questions about
life itself. There are innumerable theories existing about why and how we age, but, until recently,
the definition of aging; senescence of cells and tissupwasuncertain[259]. Whether aging is an
adaptive, regulated process, or merely a consequence arising from a stochastic accumulation of
harmful events, is a universal question common to all societies. As the western/developed world
moves towards an ineasingly aged society, we will need novel scientific approaches as part of the
challenge of mitigating agin@60]. Within this conceptual frame, little ismkwn about how the
immune system interacts with aged and diseased cells. Obviously, the immune system ages with the
rest of the body. However, mechanisms must be in place to eliminate damaged and diseased cells.
Our contention is that autonomous death dficand damaged cells (i.e. intrinsic apoptosis followed

by corpse removal) i®ne of many ways the immune system interacts with, and eliminates
unwanted cells. Thereforé¢he overall objective of this thesis was to decipher how macrophages, as

the main phgocytes in the bod{261], interact with agerelated diseased cells.
Aim 1: Decipheng the interaction of macrophages and senescent cells

In general, the transient induction of senescence followed by senescent cell elimination promotes
tissue remodelingand regeneratiof86, 262] However, longterm accumulation of senescent cells,
drives persistent inflammation whialitimately impairs tissue function and can contribute to organ
failure [263]. The fine balancébetween the accrual ofenescent cells and their clearanaithin
tissues remaiaunknown; senescent cells may outnumber the immune system rendering it unable
to clear them,or attracted immune cels couldbecome dysfunctionalTherefore, we wanted to
decipher the specific mechanisms by which macropbaginteract with senescent cell8y
developing novel caulture approaches, we sought to elucidate the interplay between
macrophages and senescent cells. Wpdthesized that macrophages are involved in the clearance
of senescent cells. Therefore, the proposed interactishsuld be analyzed in a éxcell imaging
approach, using fluorescent repertcell lines which allows traceabiliby both cell types. Further,

we hypothesized senescent cells are able to modulate macrophage functionality. We wanted to
reveal whether, and how iparticular, senescent cells couldfluence macrophages and decided to
examine macrophage functionality dog theprocess effererocytosis. The mechanisms determining
the interactions between senescent cells and macrophages also in the context of efferocytosis

should be further analyzed on a molecular level. We wanted to confine the important signaling
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molecules both on the senescent cells and enclose their corresponding interaction partners on the
macrophages. Moreover, we aimed to find a way to clear senescent cells by phagocytes. Establishing
and indepth understanding of the senescent eslcrophage interly may help to provide the

basis for the development of noviflerapeutic targets in various senesceragsociated diseases.

Aim 2: Examination of the potential role of macrophages in agdated neurodegenerative
diseases

Several approachelsave shown the importance of macrophages for the removal of aggregates
associated with ageelated neurodegenerative diseases, such as in the removal of peptides
associatB R g A G K | f IséZ54), drislaidnasynicikeig265]. This supports the importance

to studymacrophages in the context of aggregate remoValdate, no comparable study has been
AYLE SYSYGdSR (2 NBGSIt GKS LRIGSYOGAFf AYLRNIIYyOS
Therefore, the second aim tie study was lte development of a cellular model to examine the
mechanisms involved in HD to gain an improved understanding of HD pathology in general. We
aimed to establish aim vitro system between fibrblasts and macrophages usingelsell imaging,

which enables precise tractability of the aggregate fate and the potential removal over time. We
hypothesied macrophagesra able to trigger aggregate removal in fibroblasts. We wanted to
investigate the exact underlying mechanisms of the hypothesizebggte removal, including the
contribution of direct cell contact, bystander effects and involvement of cell death induction. We
wanted to implement his by means of quantitative éwell imagingand qualitative higkresolution
microscopy. The study of Haggregates in fibroblasts can provide new insights in HD pathology.
This eventually may help to convey findings from a cellular model to what occurs in the brain,

providing the basis for the development of novel therapeutic strategies.
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3 Materials

3.1 Frequently used reagendsd plastics

Table3-1: Generally utilized reagents

Reagent Source Identifier
0.25 % Trypsin Thermo Fisher 25200056
' YL A¢ Il |j D2f Rj Thermo Fisher 4311816
Polymerase
B-H T Rupplement (50x) Thermo Fisher 17504044
Bovine serum albumine (BSA] Sgma A2153
Cell dssociation media Sigma S014B
Chloroform Fisher Chemical C/4960/17
CSH. (Human) Produced in insect cells by

the MPIBiochemistry protein

production core
/[ év] ! b¢wu [ 51 /) Thermo Fisher C20300
Assay Kit
DMEM Thermo Fisher 41966029
DMSO Sigma D8418
DNAase Sgma DN2510MG
Doxycycline Sgma D9891
EDTA Carl Roth 6764.1
Ethanol Sigma 32221
Fc block Thermo Fisher 31880
Fetal bovine serum (FBS) Biochrome S0115
FLT3L Peprotech 250-31L
GAPDH Applied Biosystems 4352932E
GelRed Biotium 41008
Glutaraldehyde Sigma 3408551L
GM-CSF Peprotech 31503
HBSS Thermo Fisher 24020091
HEPES Biomol 05288.100
HEPES buffer Biochrome L1613
hygromycin Thermo Fisher 10687010
LChb! Peprotech 31505
IL-13 Peprotech 21013
IL-4 Produced in insect cells by

the MPIBiochemistry protein

production core
IL-5 Peprotech 21515
Isopropanol Honeywell 335392.5L
KHC® Carl Roth P748.1
L-Glutamine Thermo Fisher 25030081
Lipofectamine3000 Thermo Fisher L3000015
MgCh Carl Roth KK36.2
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Reagent Source Identifier
MgSQ Sigma M-2643
NaCl Carl Roth 3957.1
Neurobasal medium Thermo Fisher 21103049
Nonessential amino acids Thermo Fisher 11140050
Oligo(dT) primers Invitrogen N8080128
Opti-MEM transfection media | Thermo Fisher 31985062
P3000TM Transfection Thermo Fisher L3000015
enhancer
Palbociclib Selleckchem S1116
Penicillin/Streptomycin Lonza 17-745E
Percoll Sgma GE17/544502
PFA Alfa Aesar 43368
phosphatebufferedsaline Thermo Fisher 10010056
(PBS)
PolyL-Lysine R&D systems 343810001
Proteinase K Thermo Fisher 4333793
QuickLoad®NA Ladder NEB NO551S/L
RPMI Thermo Fisher 61870010
SCF Peprotech 25003
Seahorse XF DMEM medium | Agilent 103575100
SeahorseXFp Cell Mito Stress| Agilent 103016100
Test Kit
{ Sy S a OGaacdBidaise | Cell Signaling Technology | 9860S
Staining Kit
sodium pyruvate Thermo Fisher 11360070
SuperScript IV reverse Invitrogen 18090050
transcriptase
{,.wx DNBSY al ThermoFisher A25742
¢rFljalyn CI &ad ! Thermo Fisher 4444557
Master Mix
Triton %100 Sgma X106100ML
TRIzol Invitrogen 15596018
Ultra-pure water Thermo Fisher 10977035
h-MEM medium Thermo Fisher 32561037
I -mercaptoethanol Thermo Fisher 31350010
Table3-2: Generally used plastics
Plastic Source Identifier
10 cm dishes Falcon 353003
12-well Corning 3513
12-well Transwell® Corning CLS34048EA
polycarbonate membrane cel
culture inserts
48-well plates Falcon 353078
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Plastic Source Identifier
50 mL conical polypropylene | Greiner BieOne 227261
tube
6 cm dish TPP 93060TPP
6-well plates Greiner BieOne 657160
8-chamber slides ibidi 80826
96-well Corning 3596
96 well HTS Transwell® Corning CLS3381EA
permeable supports
microcentrifuge tube eppendorf 0030120086
microreaction tube Biozym 710970
syringe plunger Henke Sass Wolf 5050:000V0
T175 flasks Greiner BieOne 660175
T75 flask Greiner BieOne 658175
3.2 Commercially available antibodies
Table3-3: Commercially available primary antibodies
Primary antibody | Isotype Final Company Identifier
concentration/dilution
Alexa Fluo® 594 | Rat IgG20, 5 pug/mL Biolegend 101834
anti-mouse CR4
Antibody
Alexa Fluor® 647wl & L 3D/ 10 pug/mL Biolegend 126107
anti-mouse CD22
Antibody
SHP1 Polyclonal | Rabbit / IgG 1:200 Thermo Fisher | PA527803
Antibody
CDA47 Polyclonal | Rabbit / IgG 1:100 Thermo Fisher | PA5116827
Antibody
Table3-4: Commercially available secondary antibodies.
Secondary Isotype Final Company Identifier
antibody concentration/dilution
Rabbit IgG (H+L Goat/ IgG 1:1000 Thermo Fisher | A-11008
CrossAdsorbed
Secondary
Antibody

Table3-5: Commercially available FACS antibodies.

FACS antibody | Isotype

Company

Identifier

anti-mouse CD47 Rat IgG24,
Antibody

Biolegend

127507
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FACS antibody | Isotype Company Identifier
anti-mouse wl 0 L 3 DH Biolegend 123115
F4/80 Antibody
PEanti-mouse Rat IgG24, Biolegend 155505
CD170 (Siglek)
Antibody
3.3 Utilized plasmids
Table3-6: Commercially available and generated plasmids.
Vector Insert Backbone Resistance | Source Identifier
GFP control [266]
Htt27Q exon iGFP [267]
Htt97Q exon iGFP [267]
HttQ25mCherry mCherry pFhSynW2 Amp Klein LabMPI
(Lentivirus) Neurobiology
HttQ97-mCherry mCherry pFhSynW2 Amp Klein LabMPI
(Lentivirus) Neurobiology
mcherry (Lentivirus) | mCherry pFhSynW2 Amp Klein LabMPI
Neurobiology
pCDNA_FRT_mCherrr mChery pcDNA« p k C| Amp Griesbeckah
MPI
Neurobiology
pCDNA_FRT_mTagB| mTagBFP2| LJO5 b ! u p| Amp GriesbecKk.ah
2 MPI
Neurobiology
pPcDNAS/FRT Thermo Fisher| K601002
PcDNASFRT/TAGFP MRC PPU DU32934
ABIN1
pCMVthyPBase [268]
pEFSFRTITagRFH- Addgene 61684
IFT88
pEFSFRTITagRFH- mCherry pEF5FRT unpublished
IFT88mCherry TagRFH-
IFT88
pEFSFRTTagRFA- | mTagBFP2| pEF5FRT unpublished
IFT88mTagBFP2 TagRFH-
IFT88
pOG44 Thermo Fisher| K601002
pPBCAGHIHTAIRES Addgene 102423
Hygro
pSpCas9(BRA-GFP Addgene 48138
(PX458)
pTreTightHtt94Q-CFP Addgene 23966
TIA1 A381TGFP [269]
WT TIAIGFP [269]
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3.3.1 Maps of newly generated plasmids

(5709) SgrDI  BgIII (12)
(5592) SsplI
(5387) XmnI

Mfel (161)

Nrul (208)
Miul (228)
Spel (249)

Eco53kI (316)
SacI (818)

Forward (876..925) (876 .. 925)

Nhel (895)
<Bml1 (899)

SbfI (1259)

PFIMI (1343)

PCDNA5_FRT-mCherry
5711 bp

BbvCI (1442)

BsgL (1498)

SgrAI (1585)

XemlI (1590)

BsrGI (1604)

Notl (1620)

PaeR7I - PspXI - Xhol (1626)
Eco01091I - PspOMI (1638)
Apal (1642)

Reverse (1590..1646) (1590 .. 1646)

Pmel (1647)
BelI* (1656)

(3895) Pcil

Sphl (1869)
(3779) BspQI - SapL

lac néerator
M13 rev

(3516) BstZ17I
(3464) Bsml

(3403) Psil

(3319) Pfol

PshAI (2256)
BsmBI - Esp3I (2297)

EcoRI (2472)
BfuAl - BspMI (2542)
ASISI (2593)

(3009) SacIl RsrIL (2637)

Figure3-1: Plasmid map opcDNA5_FRMCherry
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(5712) SarbI
(5595) Sspl
(5390) XmnI

BgIII (12)

Mfel (161)

BpulOI (180)

Nrul (208)

MIul (228)
Spel (249)

SnaBI (5%0)
(5013) FspI CMV promoter
Eco53kI (816)

Sacl (818)
Forward (878..927) (878 .. 927)

Nhel (395)
N

BmtI (359)
’\AleI (304)
BsrGI (953)

(4791) AhdI

glLib_cloning_RubyEnd_seq (997 .. 1014)

Pasl (1134)
Bsu36I (1169)

Stul (1339)
pcDNAS5_FRT-mTagBFP2
5714 bp

HindIII (1606)

Pacl (1614)

NotI (1623)

Aval - BsoBI - PaeR7I - PspXI - Xhol (1629)
BmeT110T (1630)

Eco01091 - PspOMI (1641)

Apal (1645)

Reverse (1592..1649) (1592 .. 1649)
Pmel (1650)
(3898) Pcil BclI* (1659)

SphI (1872}

lac operator
M13 rev

(3519) BstZ171
(3467) Bsml
(3406) Psil

EcoRI (2475)
BfuAl - BspMI (2545)
PstLl (2569)

AsiSI (2596)

(3012) SacIl RsrII (2640)

Figure3-2: Plasmid map of pcDNA5_FRITagBFP2
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(5712) SagrDI
(5595) Sspl
(5390) XmnI

BgIII (12)

Mfel (161)

BpulOI (180)

Nrul (208)

MIul (228)
Spel (249)

(5013) FspI

C

(4791) AhdI

pcDNAS5_FRT-mTagBFP2
5714 bp

(3898) Pcil

lac operator
M13 rev

(3519) BstZ171
(3467) Bsml
(3406) Psil

EcoRI (2475)
BfuAl - BspMI (2545)
PstLl (2569)

AsiSI (2596)

(3012) SacIl RsrII (2640)

Figure3-3: Plasmid map of pEFBRTTagRFH-IFT88mCherry

SnaBI (5%0)

MV promoter

Eco53kl (816)
SacI (818)

Forward (878..927) (878 .. 927)

\ /.~ NheI (835)

BmtI (359)
’\AleI (304)
BsrGI (953)

glLib_cloning_RubyEnd_seq (997 .. 1014)

Pasl (1134)
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Figure3-4: Plasmid map of pEFBRTTagRFH-IFT88mTagBFP2

3.4 Restriction enzymes

Table3-7: Restriction enzymes

Enzyme Company Identifier
NrukHF NEB R3192S
Notl-HF NEB R3189S
ScalHF NEB R3122S
BbstHF NEB R3539S

3.5 DNA and gRPCR primer

Table3-8: DNA primer

Target Forward Primer Reverse Primer

U6 primer ACTATCATATGCTTACCGTAA

CD47 CRISPR guide | CACCGCCACATTACGGACGAT AAACTTGCATCGTCCGTAATG

CD47 CRISPR guide | CACCGCACTTCATGCAATGAA AAACCAGTTTCATTGCATGAA
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CD47 CRISPR guide |

CACCBCAGTCTCAGACTTAAT(

AAACTTGATTAAGTCTGAGAC

actinGFP 1

AAGTTCATCTGCACCACCG

TCCTTGAAGAAGATGGTGCG

actinGFR

GTAGGTGGAAATTCTAGCATC

CTAGGCCACAGAATTGAAAGA

tdTomato

CTGTTCCTGTACGGCATGG

GGCATTAAAGCAGCGTATCC

JAX universal control

AAGGGAGCTGCAGTGGAGTA

CCGAAAATCTGTGGGAAGTC

Table3-9: gRFPCR primer

Target Forward Primer

Reverse Primer

CDKN2A (p1%6“9

GATTCAGGTGATGATGATG(

TGCACCGTAGTTGAGCAGA

3.6 Technical equipment

Table3-10: Technical gear

Instrument

Company

.5 Cl'/ {!I'NAlIn LLL

Becton Dickinson

BD[ { wC2NIliSaalu Cft2g

Becton Dickinson

Benchtop Xay Irradiator CellRad
C1000 Touch Thermal Cycler BioRad
CFX96 Touch Deep Well BioRad
RealTime PCR System
ChemiDoc BioRad
Incucyte® S3 Liv@ell Analysis System Sartorius
LSM780 Confocal Lasgcanning Microscope | Zeiss
Nano photometer NP80 Implen
Stratalinker Stratagene
Tecan Spark Tecan
XF HS Mini Analyzer Agilent
ZEISS LSM980 WITH AIRYSCAN 2 Zeiss

3.7 Software

Table3-11: Software
Software Company
Adobe lllustrator Adobe
Arivis Vision 4D Arivis

FlowJo

Beckton Dickinson

Graphpad Prism Version 7

GraphPad Software Inc.

GraphPad Software Inc.

BioRad

ImageJ

Wayne Rasband (NIH)

IncuCyte 2019B Rev2

Sartorius

Seahorse Analytics

Agilent

Shapgene

GSL Biotech LLC
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3.8 Buffers

Table3-12: RBC lysis buffer

10x RBC lysis buffer

41.45 g NaCl

1mLO0.5MEDTA

5.45 g KHCO

H,O to final volume 500 mL

Table3-13: Tail lysis buffer

Tail lysis buffer

100 mM Tris

5mM EDTA

5 % SDS

200 mM NacCl

in H20

Materials

49



4 Methods

4.1 Mice strains

All animal experimentation described in thigesis was performed at the Max Planicistitute of

Biochemistry animal facility in accordance with approval fromifRegierung von Oberbayerthat

covers the housing and breeding of mice without a phenotypeiral Welfare Officer, Dr. Eva

Hesse) that is additionally approved by the European Union. Euthanasia was performed by cervical
dislocation following training by Dr. Corinna Moérth. All animals were documented using the Max
PlanckSocietyPyRat system, wtin is used for reporting animal usage yearly to government entities.

Animal breeding was performed behind a barrier system that permits restricted access to approved

users and incorporates a specific pathogen free hygiene system. In the case of the §toupy

colony, these animals are maintained Helicobadtee. Mice used hereinwerely / pT. [-kKc @G G Af |
Ge8LIS¢ YAOS a2dz2NOSR FNRY GKS OptheYadiyial fadlidg. RA y 3 O2 f
G Ol & yDatOSe® ¢KSasS YAOS 6SNB | (MPBlodghémistfy)Nahd 5 NI VY
constitutively expres&FRunder the control of the chicken betactin promoter. They were orginally

obtained from the Jackson Laboratories (Bar Harbor, ME) (Bh&57BL/6Tg(CAGEGFPYs].

tdTomato mice were a gift of Dr. Chtian Meyer (MPINeurobiology). These animals are commonly

called Ail4 and have tdTomato insert@tto the Rosa26locus preceded by a loxXPTOR.oxP

cassette (B6.GGt(ROSA)263BrCAcdTomao)Hz¢3) Tywo strategies were used to generate tdTomato

cells. First, the Ail4 mice were crossed to T2 mice B6.C¢glg(Tekcre)Y"9J), which express Cre

in all hematopoietic cells, permitting the isolation of tdTomato+ macrophages. In the second
approach, we generated uniform tdTomateells in all tisses by taking advantage of the female

germline expression of Tiere to delete the LoxBTOR.oxP cassette when Ti€2e was kept in

females and crossed to wilgpe males.

4.1.1 DNA extraction and Genotyping

Biopsies obtained from tails were digested at BS80S NY A IKG Ay Hnn FgbledF Af RA
3120 3 &dzZlJLX SYSYGUSR gA0GK Hodp >[ LINRBOSAYylwe® Y ombp
centrifuged at 18,000 x g @om temperature for 10 min and the supernatant was transferred to a

ySg (dzoS O2yGFAYyAYy3a pnn >[ ekdeelcinBifuded/a18,000gt NB OA LIA
at room temperature for 10 min and the supernatant was remmbv®ellets were washed with

200uL 79> 9 UKFy2f FYR RA&aaz2t 3SR AY H mandeifher ysedOf SI &S
directly for polymerase chain reaction (PCR) or staaed20°/ ® C2NJ ISy 2G@ LAy 3T t /v
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extracted DNA solution was mixed with 22.2 yL nuclease free water30k Gold Puffer, 0.1>[ 2 ¥
eachF2 NI I NR | YR NB @ Jduik3s8) aniNI0Y & NhpliTaqGold. BNdIvas amplified

according tathe protocolon a PCRycler(Table 41)® ™ n

> [

2T

idKS

t / w LINR RdzO

1 % agarose gel supplementedth Gel Red (1:25,000). All samples were run for 30 min at 120 V

togetherwith the QuickLoad®Purple 100 bp DNA Laddéihe géwas imaged under ultraviolet light

using a Chemidoc Imaging System.

Table4-1: Genotyping PCR protocol

Temperature [°C] Time [min]
1. 95 10:00
2. 95 00:30
3. 59 01:00
4. 72 01:00
5. Go to step 232 times
6. 72 05:00
7. 4 hold
4.2 Celllines

Unless indicatedtherwise, certifiedcell lines were purchased from the American Type Culture
Collection(ATCC)FlpL y-3T3 were purchased from Thermo FishBax< Bak« *double deficient

(DKO) immortalized 3T3 cells were provideddsyJoseph Opferman (St Jude Children's Research

Hospital)[270]. All cell lines were tested to be free from Mycoplasma contamination by routine PCR
screeningapproximately monthlyWT-NIH 3T3WT 3T3)Bax* Bak« '8T3 celland FIpL y-3T3 cells

were grown inDMEM plus 1@ fetal bovine serum (FBS) and/dpenicillin/streptomycin Jurkat

cells were grown in RPMlus 10%FBS, 6 penicillin/streptomyin and 0.1%i -mercaptoethanal

All cell lines were grown in humidified tissuetavé incubators at 37€ with 5% CQ.

4.3 Isolation of primary cells

4.3.1 Isolation of bone marrowerived macrophages

Wild type mce were euthanized by cervical dislocation. Femurs and tibias were excised and the

bones were cleanedrom remaining flesh and fibersThe clean bones were firslisinfected in

70%EtOH for two minutes, thewashed inphosphatebuffered salinePB$once and afterwards

cut open at both ends. The bones were flushed with PBS through a 7&traMerinto a 50 mL

conical polypropylene tubasingsyringeand26Gneedle Cells were centrifuged for five minutes at

400 x g, the supernatant was discarded and thik pellet resuspended with red blood cell (RBC)
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lysis buffer for approximately two minutes. The RBC buffer was neutralized witiL1PBS. After
pelleting the cells (400 x §,min), cells were washed once with PBS (4005xrgin). Cells from one
mouse wee seeded in each three 15 cm dishes contaidiignLmedium.BMDMswere grown in
DMEM composed of 18 fetal bovine serum (FB3)% penicillin/streptomycinand 0.2 pg/mL
humanCSH as describedl71]. For polarizationBMDMs were stimulated with 2 ng/mL [FNr 10
ng/mL 14 and 10 ng/mL H13for 24 hours prior to assay.

4.3.2 Isolation of peritoneal macrophages

Wild type mice were euthanized by cervical dislocatibhe abdomen of thenousewas soaked

with 70%EtOH and a smaticisionwas madealong the midline with sterile scissofheabdominal
skinwas retractedo expose the intact peritoneal wallVith the beveledend of a 26G needliacing
inward, the needle was inserted through the peritoneal wall to inject 5 mL of cold PBS into the
abdominal cavity. Using the same syringe and needle, the fluid was aspirated from the peritoneum.
The injected PBS was digysed into a 50 mL conical polypropylene tube that was kept on ice. The
procedure was repeated additional two times and the peritoneal fluid of one mouse was collected
in the same tube. The cells were centrifuged at 400 x g for 5 minutes. The supernatagitaarded

and the cell pellet was resuspended imL of DMEM. Cells were counted and directly subjected to

the corresponding assd272].

4.3.3 Isolation of multinucleated giant macrophages

Macrophage progenitor cells were isolatadin the BMDM preparation described above. Cells of
one mouse were plated oA 10 cm dishes ircompleteh -MEM mediumcomposed of 106 FBS

1 %penicillin/streptomycin and.2 pg/mLCSHFL. Three days after isolatiorells were scraped in
PBS and counted. A volume of 4 mL cell suspensiiff(cells/ml) was platecbn each 1 permanox
dishin the presence 010 pg/mLof murine GMCSF and 30g/mL nurine IL-4 [273]. On day 7the
permanox plates were gently washed 3 times with PBS. Afterwards 5 mé-whpmed dissociation
media (37°C) were added anplates were incubated in the 3T cell incubator for 5 minutes. Cells
were detached by gentle pipetting and finally dissociated by scraping. For separation of
multinucleated giant macrophages (polykaryons), cells were cagédf in a percoll gradient at
400x g for 20 minutes at 1&. A 1006 percoll working solution was a@bhed by mixing percoll and
1.5M NacCl (9:1 v/v). The working solution was further diluted with PBS to the desired densities. A
volume of 12 mL 4%perwll layer was added to the bottom of a &L conical polypropylene tube,

and a volume of 30nL 12% percoll layer, containing the scraped cells was layered on top. The
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percoll gradient was covered by hil. completé' (MEM. After centrifugation, the percofjradient
was split into volumes of each 10L. The different layers were centrifuged and resuspended in
100 uL DMEM. The cell numbers of the third layer (counted from the top) of the gradient was

estimated.

4.3.4 lsolation obone marrow derive@osinophils

Bore marrow cells werésolated as described for BMDM isolation gtdced ineosinophil medium
containing 20> FTSGF f 02 @A y-BercapfobliaNor10 mM noreasential aminacids,

1 mM sodium pyruvate,1 % penicillin/streptomycin 2 mM Lglutaming and 25 mM
N-2-hydroxyethylpiperazind -2-ethanesulfonic acid (HEPES) buff@iochrome) Cells were
stimulated with 100ng/mL of stem cell factor (SC&)d 100 ng/mL ofimslike tyrosine kinase 3
ligand (FLT3L) ferdaysat a density of £10° cells per mL in a T75 flaskrom day4 on, cells were
kept in medium supplemented with 10 fmL of recombinant murine ib. At days 6, 8, 10 and 12,
half of the culture medium was replaced by fresh medium. At day 8 the whole culture was subjected
into anew flask. From day 10, cell density was monitored to keep the concentratitxi &t cells
per mL.At day 14, the culturesontained >90% bone marrowderived eosinophils (BMDES),

indicated by high side scatter profile and expression of SgJ2¢4].

4.3.5 Isolation of primary mouse embryonic fibroblasts

Primary mouse embryonic fibroblasts (MEFs) were collected from sacrificed prégdaii6) actin
GFPmice,asdescribed275]. Intactuteri were removed, washed witbold PBSand each embryo
individually prepared by removing appendages including the headrdachal organs. A surgical
scalpel blade was usdd finely mince the remaining tissue 100uL of DNAasel(mg/mL in HO)
and 2 mL of 0.286trypsin. The suspension was then applied throughral serological pipette
Suspended cells derived from each embryo were culture®MEM composed of 1% FBS
1 %penicillin/streptomycin. Cells were further cultivated and/opreserved in freezingiediumat

passage 4 (P4)

4.3.6 Isolation of mixed glia cells

Prior to the cell isolationT 75 flasks were coated withrBL Polyl-Lysine fofive minutes, followed

by washing once with PBS and drying the flask for 20 minutes. Mixed glia cells were collected from
newborn pups at the age of day 1 up to day 5 post birth. Heads were removed, disinfectethin 70
EtOH, cut opn beginning at the spinal coahd the skulskinand bone were folded opeso the

whole brain could be removed gently. A surgical scalpel bleake used to finely mince thigrain
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tissue The suspension was then applied throughGamL serological pipette and transferred to a
50 mL conical polypropyleneube and centrifuged at 400 x g for 5 minutes. The supernatant was
discarded and the cells were resuspended in 10 mL%.d%ypsin per5 brains. The closed tube
was plaed in a cellular incubator (37C, 5% CQ for 10 minutes. Afterwards the Trypsinag/
inactivated by the addition of 10 mL BIMEM composed of 1% FBSL%penicillin/streptomycin

and 2% l-Glutamine. The suspension was filtered through a 70gtidinerinto a 50 mLconical
polypropylene tubeusinga syringe plunger and the filtered cell suspension of each 4 brains was
transferred to 1 coated T75 flask. The medium was changed one day/dgays after seeding, cells

were harvested with 0.056 trypsin six days after seeding.

4.3.7 lIsolation of primary neurons

Primary mouse neurons were collected from sacrificed pregnanttyid mice at day 15 post
coitum, as describef276]. Intact uteri were removed, washed with cold PBS, and each embryo was
individually prepared by decapitatirig icecold dissectiomediumO2 y & A & ( A ybalan&& | | y{ & Q
salt solution (HBSSupplemented with 0.01 M HEES, pH 7.4 (BiomoD),01 M MgS@ and

1 %penicilin/streptomycin The skull was cut open and the cerebral hemispheres were separated
from the rest of the brain. Afteramovingthe meninges, cortices were dissected afigested with
prewarmed 0.25% trypsinEDTA supplemented with 0.6 DNAse for 15 min at 3. Trypsin
activity was quenched by washing in Neurobasal medaontaining 5% BSand cells were
dissociated in prevarmed culture medium by gentle pipetting. Cells were centrifuged at 130 x g for
5 minutes, the supernatant was discardechd the pellet was resuspended in culture medium
consisting of Neurobasal medium withe2 B27 (1750044; Trermo Fisher), 26 LGlutamine and

1 % genicilin/streptomycin Cells were plated in 4®&ell plates at a density &x10* cells per well,

and 20% fresh culture medium were added everd 8ays.

4.4 Genetic manipulation of cell lines
4.4.1 Transient transfawn of fibroblasts with Lipofectamine

Fibroblastswere seeded on the dish arattached overnight. Afterwards, two transfection mixes
were prepared in separate 1.5 mL reaction tubes. Mix 1 containedNlphi! transfection media,
P3000TM Transfection enhancend respective plasmid DNA. Mix cdntained OptdMEM
transfection media and Lipofectamine3000. Detailed volumes are depictédbie 42. The two
mixes were combined, mixed and incubated for 12 minutes at room temperature, then added drop

wise to the wdl without further mixing.
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Table4-2: Master mix for Lipofectamine transfectian

Tube A

5 puL OptMEM
0.1 ug DNA
0.2 pL P3000

Tube B
5 puL OptMEM
0.3 pL Lipofectamine

4.4.2 Lentiviral transduction gdrimary neurons (Kerstin Voelkl)
Virus was produced in HEK293T céls Kerstin Voelkl (MP1 of Neurobiolog@s previously

described[277]. Virus vasthawed ard immediately added to freshly prepared neuronal culture

medium. 25 pL of old neuronal culture medium were removed and 50 pL of virus containing medium

were added to the cultureVirus volumewas individually adjusted according to virus titand
protein expression and usually transduced at @I3cm?. After 7 days of virus exposure, optimal

expression of Htt protein aggregates could be observed.

4.5 Generation of stable cell lines
4.5.1 Cloning strategy designing the Hipsystem

Sequences encoding for mCherry amdagBFP2 werexcisedfrom pCDNA_FRT_mcherry and
pPpCDNA_FRT_mTagBFP2 vectors via restriction enzyme digestionNuskt$F and Notl-HFE
Fluorescence inserts were ligated into the plEERSTagRFH-IFT88vectorthat was digested with
the same enzymes. Ceuwt insertion was verified by a test digestion using NEland NotHF,

including an empty vector control.

4.5.2 Generating of fluorescent reporter cell lines using tharFgystem

Flpin 3T3 cellsvere seeded in Gvell plates at a density a8x10° cells per well and attached

overnight. After 24 hours, cells were transfected with 3 ug total plasmid DNA, consisting of a 9:1

ratio of pOG44: pEFBRTTagRFH-IFT88mcherry or pOG44: pEFRTTagRFH-IFT88mTagBFP2
plasmid DNA using LipofectamiB800Q. After 48 hours the transfection medium was replaced by
fresh medium cotaining hygromycin (0.145 mg/mL final). After 6 days of treatment, hygromycin

resistant cells were expanded.
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4.5.3 Generating of a inducible aggregate expressing cell line using thebpiggpystem
Bax« 'Bax* 3T3 cells were seeded invell plates at a density @&x10° cells per well and attached
overnight. After 24 hours, cells were transfected wiitB pg total plasmid DN&onsisting of 0.15g
pPBCAGIHTAIRESHygrq 0.15 pug hyPBasand 1.5 ugpTreTightHtt94Q CFRusing Lipofectamine.
The vectorpTreTightHtt94Q-CFPwas transfected linearizedsing ScalHFE After 48 hours the
transfection medium was replaced by fresh medium contairiggromycin (0.145 mg/mL final)
After 6 days ofreatment, six hygromycinesistant foci were picked per well and the cells expanded.
Expression of Htt94@QFP was induced by addition of 0.5 pM doxycyclihe first aggredas were

observed after 16 lof induction by live cell imaging in the IncuCytsten.

4.5.4 Generating of knockut cell lines using the CRSP&S9 sytem

Primers for guide RNAs (gRNA) for CD47 were designed using web based tools from the Broad
Institute (Cambridge, Mass). Phosphorylated primer oligomers were annealedhamddduct was

ligated into pSpCas9(BEA-GFP (PX45&hat was previously digestedvith Bbsl. The vector was
checked for correct integration of the gRNA (U6 primer) ancctireect plasmids were transfected

into WT NIH3T3 cells via Lipofectamine. The GFP positive subatipuilwas separated from the

bulk population by flow cytometry. The sorted bulk population was diluted to grow single cell clones.

These clones were checked for gene loss by flow cytometry using a CD47 antibody.

4.6 RNA isolation and analysis

Cells of one welbf a 12well plate were lysed in 1 mL TRIzol. The suspension was transferred to a
1.5 mL microcentrifuge tube and 200 pL of chloroform were added for separation of DNA and RNA.
The fusion was thoroughly mixed and centrifuged at 12 @00 at 4°C for 10 rinutes. 400 pL of

the clear upper phase were transferred to a fresh 1.5 mL centrifuge tube containing 500 pL
isopropanol for precipitation. The fusion was thoroughly mixed, incubated on ice for 10 minutes and
centrifuged at 8,000g at 4 °C for 10 minutesThe supernatant was discarded and the pellet was
washed with 1 mL of 78 EtOHcentrifuged at 18,000 gt 4 °C for 10 minutes. The supernatant
was discarded, the pellet dried at room temperature for 5 minutes and 25 pL of distilled water were
added.Extracted RNA was frozen-20 °C for storage. RNA concentration was measured via nano
photometer. cDNA was synthesized by incubating RNA in a fresh microreaction tube, together with
oligo(dT) primers, random hexamers and wafgt{e 43). The mixture wa incubated at 65C for

10 minutes followed by 10 minutes at°€. Afterwards the mixture is reverse transcribed using

SuperScript IV reverseanscriptase for 2 hours at 4Z(Table 44). Further analysis by gFPICR was
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performed usingspecific primerqgsee hble 39). gRFPCR was run using corresponding protcols
(Table 47; Table 48) on a reatime PCR systerResults were analyzed using the correspondifiX

Maestro SoftwareAll values were normalized to GAPDH.

Table4-3: Composition of cDNA mastenix.

Component Volume for 1x
dT oligos 0.40 pL
random hexamer primers| 0.06 pL
H.O (Millipore) 0.54 pL

Table4-4: Composition of reverse transcriptase masterix.

Component Volume for 1x
5x first strand buffer | 4 pL

DTT 2 puL

dNTPs 0.5 puL
reverse transcriptase | 0.25 pL

H.O (Millipore) 1.25 uL

Table4-5: Mastermix for housekeepter GAPDH

Component Volume in plfor 1x
20x Primer (=pranixed) | 0.5

cDNA template 2

2xTagMa 5

H.O 2.5

Total 10puL

Table4-6: Master mix for other primers (includingCDKN2A

Component Volume in pL for 1x
Primer fw 0.2

Primer rv 0.2

cDNA template 2

Sybr Green Mix 5

H.O 2.6

Total 10pL
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Table4-7: gRTPCR protocol for TagMan mix

Temperature [°C] Time [min]
1. 50 02:00
2. 95 02:00
3. 95 00:30
4. 60 00:30
5. Plate read
6. Goto 2. for 4&ycles
7. END

Table4-8: gRFPCR protocdlor Sybr Mix

Temperature [°C] Time [min]
8. 95 00:30
9. 95 00:10
10. 60 00:30

11. Plate read
12. Go to 2 for 40 cycles
13. END

4.7 Induction of senescence
4.7.1 Induction of senescence in byrradiation

MEFs were cultured t80% confluence im175 flasks. Two flasks containing the same embryo were
harvested with 2 mL of 0.25 % trypsind pooled in one 50 mL conical polypropylene tube. The
tube wassubjected to10 Gy -irradiation using a calibrate@esiuml137 source (Gamma Cell 40,
Atomic energy of Canada Limitedrimary cells were iiDMEM composed of 1% FBS and

1 % penicillin/streptomycinduring irradiation.The irradiatedcells were directly cryopreserveid

freezing medium without further passaging.

4.7.2 Induction of senescence byray

Fibroblasts were plated at a density ®10°* cells per 12vell or 5x10° cells per 96well. The same

day, the plate was subjected to 15 Gyay irradiation using a calibratdgienchtop Xay Irradiator.

The cells were kept in normal culture conditions for 7 days until a senescent phenotype could be

observed.
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4.7.3 Induction of senescence in MEF cells by passaging stress

MEFs were cultured according to the 3T3 protd2adb], which is referring to &-day transfer with

an inoculum of 0.81C° cells per 6 cm distAs described after approximately eight passages (p8)
depending on the embryo, cells reach the Hayflick limé& anter stable proliferative arrest, natural

senescence.

4.7.4 Induction of senescence by Palbociclib
Fibroblasts were plated at a density ®10* cells per 12vell or 5x10° cells per 96well. The day
after, cells were treated with 5 uM Palbociclib. The cells were kept in normal culture conditions for

six days without further medium change until a senescent phenotype could be observed.

4.7.5 Senescence & & 2 O galattGsasassay

Cellular senescence was assessed post irradiation by senedceénée2 O AgalattSsilase (S

gal) activity stainingAdherentcellswere plated, and senescence was induced. Cells Viserd and

AGFAYSR | O02NRAY 3 (2 SA kgt dehdsclrit deheBibidsh indigg Blue NygzO G A 2 v &

that can be observed by light microscopy.

4.8 Cellular staining
4.8.1 General membrane staining of immortalized 3T3 cells

Immortalized fibroblasts were detached from the dish and rinsed once with séreenDMEM.
Folbwing resuspension to a concentration of 2xtells/mL in Diluent C and incubation for 2 min
with 4 mL of Diluent C containing concentrated PKH dyes. The reaction was stopped by the addition

of anequal amount of FBS and the cells were then rinsed twite B’MEM containing 10 % FBS.

4.8.2 Staining for Flow Cytometry
Cellswere suspended in FACS buffeBS containing% FBSAnd incubated with Fc bloand el
surface markes for 30 minutes on ice in the dawkfterwards cells were washad FACS buffer and

suspended for analysis on a flow cytometer. Data analysis was carried out using FlowJo software.

4.8.3 Induction of apoptosis and fluorescent labeling of Jurkat cells and BMDEs

Jurkat cells and BMDEs were irradiated in 10 cm dishes without lid, and subjeti¥Grtadiation

for 3min at 2400- 200.000 pdor 3 min, followed by incubation under normalllceulture conditions

for 1 h The apoptotic cells (ACs) were rinsed once with seresn DMEM, resuspended to a
concentration of 210’ cells/mL in Diluent C, and incubated for 2 min with 4 mL of Diluent C

containing concentrated PKH dyes. The reaction was stopped by the addition of an equal volume of
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FBS and the cells were then rinsed twice with  DMEM containing 10 % aRBS
1 %penicillin/streptomycin[278].

4.9 Imaging

4.9.1 Immunofluorescence of senescent cells

WT 3T3 fibroblasts were seededdxi.0* cells penvell in 8chamber slides and directly treated with

5 uM Palbociclib. Slides were kept in the incubator under normal cell culture conditions for 7 days.
Cells were washed three times with PBS and fixed for 15 minutes WthataformaldehydeRFA).
Afterwards they were washed again three times with PBS and blocked in blocking b #éeB &2\ +
0.2% Triton XLOO in PBS) for 1.5 hours. Blocking buffer was aspirated and primary antibody (dilution
in 3% BSA in PBS) was added over night &.4Cells were whed three times with PBS and
secondary antibody dilution in@ BSA in PBS was added for 1 hour at RT in the dark, together with
t KFfEt2ARAY &aidFAyAy3 FO02NRAY3I (G2 YIydzZl ObdzZNBNRA
PBS and kept in PBS aClutil imaging, which was performed at&M780 Confocal Laser Scanning

Microscope

4.9.2 Live Cell imaging

Cells wereplated in the desired format and subsequentiyonitored by live phasg&ontrast
microscopy using the IncuCyte systemith the 10X objectivefor 48 h. Confluency of cells,
fluorescence intensities/area/object count were developed with the IncuCyte software. Further life
cell imaging was performed the ZEISS LSM980 WITH AIRYSCANJ@3Xobjective for24 h All
parameters for image acquisition arthta extraction was performed with the Arivis Vision 4D

software Scans were selected manually according to image quality.

4.10 Functionality assays
4.10.1 Phagocytosis assays
4.10.1.1 Single efferocytosis in the presence of senescent cells

Senescent cells were plated at andéy of 510* cells per well in 12vell platesas described before.

After 24 hprior to the assay, the culture medium was changed. Foculture conditions

1x10° BMDMs per well were added to the senescent cells. Senescent cells and macrophages wer
co-cutured for 6 and 24 h PKH28abeled apoptotic corpses (ACs) were incubated with the
macrophages for 60 min atla5 ratio(macrophages: A@llowed by washing three times with PBS

to remove unbound ACs. The-calture was analyzed by flow cytome{/78].
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4.10.1.2 Double efferocytosis in the presence of senescent cells

The cells from the single efferocytosis assay were not heesdsut further incubated with fresh
mediumfor 2 h ACs werarradiated andabeled with PKBI7 as described before and added to the
co-culture for 60 min. The coulture was washed three times with PBS to remove unbound ACs
[278]. Washed BMDMs were harvested by scrapm§ACS buffeand the ceculture was analyzed

by flow cytometry.

4.10.1.3 In vitro engulfment &ay of senescent cells

Frozen irradiated MEFs cells were thawed and directly plated at a densixt @f<enescent cells

per wellon 96-well plates. Immortalized fibroblasts were seeded at a densityxd@5per wellon
96-well and treated with 5 uM Palbociclib for seven days as described before. BMDMs and
multinucleated giant macrophages were added to the wells in ratios of 5:1, 10:1 and 20:1
(macrophages: senescent cells). The plates were immediately sutbjectbe hcuCyte device for

live cell imaging.

4.10.1.4 In vitro engulfment assay of protein aggregates from fibroblasts by BMDMs
Fibroblastswere seeded at a density ofx10* cells per 96wnell and attached overnight.
Lipofectamine was added as described before. After @r$y 70% of aggregate expressing could
be observed. The Lipofectangircontaining medium was removethd replaced by fresh medium
containing BMDMsn ratios of 5:1 and 10:1 (BMDMs: fibroblast¥he plates were immediately
subjected to the IncuCyte systeto be recorded for the 48 .hThe change in the number of

aggregates was quantified by detecting fluorescent object counts via the IncuCyte software.

4.10.1.5 In vitro engulfment assay of protein aggregates from neurons by glia cells/BMDMs
Cortical neuronsvere seeded in 48vell plates at &bx10° cells per well, and 286 fresh culture
medium were added every-8 days After one week of cultivation cells were transduced with
lentivirus and incubated with the virus for another 7 days. The lentivirus containing medium was
removed and replaced by fresh medium containing glia cells and BNiDMs$os of 5:1 and 10:1
(BMDMs: neurons) or (glia cells: neuronghe plates were immediately subjected to the IncuCyte
systemto be recorded for the 48 .hThe change in the number of aggregates was quantified by

detecting fluorescent object counts via the IncuCyte software.
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4.10.2 Seahorséioenergetic measurements

Realtime oxygen consumption rat@©CRand extracellular acidification ratteCARRmeasurements

were conductedwith a Seahase XF HS Mini Analyzéx10* BMDMswere plated into each well of
Seahorse cell culture plates and preubated at 37C in the absence of € Seahorse XF DMEM
mediumsupplemented with tamine, glucose and pyruvater a minimum of 45 mimrior to the

start of the assaylnjections of oligomycinl(5 pM final), carbonyl cyanidet (trifluoromethoxy)
phenylhydrazondFCCP(2 uM final), and rotenone/antimycin A0(5 uM final) were diluted in the

assay medium and loaded into ports A, B and C, respectively. The machine was calibrated according
02 YIydzFl OGdzNENRA Ay aidNHzO G ng tifesglydolyli®Rstrés&t€st dssaya | &
protocol as suggested hiie manufacturer ECAR was measured under basal conditions followed

by the sequential addition of oligomycin, FCCP and rotenone/antimyaima@ljusted in the default
settings Assay medium waigjected as control. This allowed for an estimation of the contribution

of individual parameters for basal respiration, AifiRed respiration, H(Proton) Leak, Maximal
Respiration, Spare Respiratory Capacity, andiitachondrial respirationThe XF mi stress test

report generator and the XF glycolysis stress test report generator automatically calculate the XF

cell mito stress test and XF glycolysis stress test parameters from Wavie daka

1.1.1 LDH Cytotoxicity Assay

Thein vitro engulfment assay of protein aggregates from fibroblasts by BMsls setup as
described before. Thedalition of BMDMs was determined asarting pint of the assay. Every 8 h

from assay start sample medium was taken from thecgtiure for a peiod of 48 hto determine

cell death in the ceulture. For individual time points, 50 pL of culture medium were transferred to

a 96well plate and mixed with 50 pL of reaction mixturfEhe plate was incubated abom
temperature for 30 mirin the dark. Afterwards 50 uL of stop solution were added to each well and
mixed by gentle tapping. The absorbance was measured at 490 nm and 680 nm in a plate reader

and the % cytotoxicity was detern&d.
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5 Results

5.1 Interaction of macrophages with senescent cells: overview of the experimental
design and hypotheses

The overdl goal of the first part of thighesis is to evaluate the interactions between macrophages
and senescent cells using defined and tractaldtromodels.Excessive accumulation of senescent
cells ha centralroles in driving aging280] and chronic diseasd281]. Theinfiltration of tissues

with senescent cellshortens healthy lifespa{282], drives organ aginf283] and promotesage
related organ deterioration/disorderf284] includng cardiovascular diseas¢285], cancer[286],
neurodegenerative diseas¢®81] and osteoarthritif287]. However, cellular senescenalsoplays

a dual role during developmenand throughout tissue repailand regeneration[87, 262]
Senescencean also have beneficial effects like promoting the clearance ofieetls, reduction of
fibrosisand canact as a potent barrier against tumorigenef288]. One concept ishte timing and
context at which the senescence program is activated determines the consequence. A transient
induction of senescertells pursuedby rapid clearance at the early stagelowinginjury promotes
tissuerepair[289], while the longterm accumulation of senescent cells impairs tissue function and
can lead to organ failur90]. From these observations, a central question concerns the mechanism
of senescent cell removal in health as opposed to the simath aging and disease, where

senescent cell accrual is relentless.

The senesceneassociateesecretoryphenotype (SASP) is one of the fundamental characteristics of
senescent cells. As the SASP contains numerous cell recruitment chemokines and immivaé sur
factors (e.g. CSBE), a feasible hypothesis tisat SASP triggers thecruitment of immune cd$ to

the site of injury, resulting isubsequentelimination ofsenescat cells (by unknown mechanisms).
Among these immune cellare macrophagesvhich have regulatory roles in all stages of
regeneration repair and fibrosisMacrophages areritical for the clearance of senescertlls
during mouse embryogenesish@absence of senescent cells adalay development and promote
patterning defects, providinghe first evidence that senescenerirveillance mechanisms ofzge
during normal regeneratiorf291]. The clearance o$enescent cells allow®r repopulation by
progenitor cellsand regeneration of the damaged tissurdicatingthat senescencsurveillance
mechanisms operate during normal regenerat{8]. However, these studies did hdistinguish
between macrophage clearance of dead senescent cells, or whether an active macrophage

mediated pathway(s) was necessary to identify and then eliminate senescen2é]sin adults,
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macrophagesvere shown to be important in the removal of senescent cells in models of liver injury,
as well as for preventing excessive detrimental fibrosis and in resolving liver fih28Rik
Moreover, senescent hepatic stellate cells have beeswshto secrete 8SP molecules attracting
macrophage$293]. Comparable tsenesent cells, also th&ASP has positive and negative effects.
Besides the beneficial ability to recruit immune ce8&SP drivesnmune cell senescee and

dysfunctio, possiblyleading to persistent and excessive accumulation of senescen{I&dk

The precise mechanisfs) underlying senescent dedlccumulation within tissues remaimknown:
either the senescent cells outnumber the immune system rendering it unableldar them,or
attractedimmune cels become dysfunctionalmpaired ¢tearance and regeneration in aged tissues
as well as persistent damage magult fromreducedmacrophage recruitment, increasedimbers

of senescent cells or even damage to the maciages themselves. If macrophages are depleted in
the early stages dfissuerepair in a number of organs, the inflammatory response is diminished

[294], leadngto defects inregeneration[295].

The specific mechanisms by which macrophages interact with senescent cells remain to be
elucidated.The purpose of this thesis was to decipher, whether senescent cells areabéilate
macrophage functionsventually leading to a harmful accumulation of senescent cells throughout
the aging process. Therefore, the experiments below were designed to evaluate the seneseent cell

macrophage interplay.

5.1.1 Senescence models: induction andantification

In initial experiments to determine the interaction between macrophages and senescent cells, we
first generated senescent cells by defined and controllabieitro approachesin the experiments
herein, murine fibroblasts were used as a Worse that is tractable, convenient and reproducible.

In general, passaging stress was applied to primary fibroblasts isolated frofrbEEbdbryos (MEFs)
(4.3.5 to reach the Hayflick limit, which is defined as the number of times a normal cell population
divides before the passaging stress forces them to entering the senescence[pRpsehese cells

are referred to as Hayflick limit cells throughout this study. Alternatively, senescent cells were
generated through chemicals e. g. Palbociclib, or radiation methodsirogdiation Figure 51A).
Irradiation leads to DNA damage, which eventually triggers cell cycle g8t Palbociclib is an
FDAapproved seletive cyclindependent kinase (CDK) 4/6 inhibitor, blocking cell cycle progression
and thereby inducing senesceni@97]. For the experiments that required the use of immortalized

senescent 3T3 cells, senescence was induced by irradiation and Palbociclib, respectively. The
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successfulniduction of senescence was quantified using several different readouts. First, we
measured the expression of the cell cycle inhibitor pl16 via-BBR, which was significantly
upregulated compard to proliferating fibroblastand is a welhccepted marker bsenescence
(Figure 51B) [40]. Further, we used betgalactosidase staining; compared to proliferating cells,
senescent cells show high accumulation of lysosomal (lggtkactosidasé298]. This convesr xgal

into an indigo blue dyef which accumulation could be observed via light microscému¢e 51C).

To underline the size difference and flat morphology of senescent [@3]swe also performed
fluorescent microscopy of proliferating and senescent actinGFP MEFs. These Hayflick MEFS,
highlight the characteristic cytoplasm expansion, which often reaches an order of magnitude larger
compared to proliferating MEFBigue 51D). Taken together, this allows us to induce and readout

senescence phenotypes in fibroblasts by different means.

A B
25-
T 5 20 =
&8 15 :
N <'T |
— f:\"_'.\'— e Q & 104
Hayflick limit ~~ 7, <. Do
; oLt 5
- proliferating senescent
C
i o L N &
\V\\" Sae <’l~ .-»;J.;‘-;' ?ié”y"!’&:’w%?};:__g-g} i ‘i ’
o =l @~ Qéﬂ 7%
y-Irradiation =~ 77,3 AR TRAPY N W . 0 .
v SHLY D PR
ek - CRRL 'Zf,"bﬁ;og;m-;ﬁ,u -
N
e - - =

Palbociclb ~ ~,~

Figure5-1: Induction and read out of a senescent phenotype.

A Schematic overviewf senescence induction by passaging stress until the Hayflick limit was reachdddaljation or
by treatment with PalbocicliB gRFPCR quantification of pT¥+3expression on the transcriptional level of proliferating
and senescent celgnduced by PalbociclibTi -galactosidase staining of proliferating (left) and senest¢tayflick limit
(right) cells. Presence of lysosomal associatedlactosidase converts the addition efjal to an indigo blue cell staib.
Fluorescence microscygpof proliferating (left) and senescent Hayflick linfiight) actinGFP MEF#ighlighting the
morphological changes in terms of size difference and spoeddnorphology.For Cand D proliferating and senescent
cells wee recorded at the same magniition, scale bars indicate 50 um
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5.1.2 Macrophages interact with, but do not engulf, senescent cells

Timely clearance of senescent cells is required to maintaBué¢ and organismal homeostasis.
Senescent cells recruit immune cells like macrophages for their eventual elimination. However,
senescent cells have been shown to escape this prd2@83. Investigating the specific modes of
interaction between macrophages and senescent cells will help to prevent senescent cells from
evading their clearance which will consequently prohibit the harmful accumulation of senescent

cels in the tissue.

To measure the interaction between macrophages and senescent cells, we establisheultare
system with the two cell types. Senescence was induced in MEFs by applying passaging stress until
the Hayflick limit, by -irradiation and bytreatment with Palbociclib, respectively. The green
fluorescent senescent actinGFP MEFs were imaged-aqulaare with red fluorescentdTomato
macrophages. Using live cell imaging, the same cells were followed over time for up to 48 hours.
The first impotant observation was senescent cells were motile to an extent and altered their shape
across time; thus, despite their large size, they moved around within the culMogeover,
macrophages interacted with the senescent cells (e.g. by crawling aroundrartdp of the
senescent cells), however, they were not able to phagocytose ttrégure 52A). Empirically, this
property necessitated the quantification of each cell using shorter time increments of imaging. Using
masking software supplied with the Ingie imaging system, the cell area of the actinGFP MEFs
was quantified over time in the absence and presence of macrophages. Independent of the number
of applied macrophages, the quantified cell area of the senescent cells stayed constant over time
(Figure5-2B). Since senescent cells cannot divide (by definition), we therefore concluded that in this
experimental setting, primary macrophages interacted with, but did not engulf or kill senescent
cells. Otherwise, we would have observed tidependent declingn the total green object area.

This result gave the first clue that macrophages are not armed with a mechanism to kill or remove

senescent cells by themselves.
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Figure5-2: Macrophages interact with, but dmot engulf senescent cells.
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treatment with Palbociclib. Senescent MEFs wereuaitured with BMDMsisolated from tdTomatbmice, in a ratio of

10:1BMDMs to senescent cells and imagner 48 h In each image group, the same fieltlviewis shown across time.

Data are representative othree independent experiments;cale bars indicate 100 umB Quantification ofgreen

fluorescentarea signal of senescent cells in the-colture with different ratios of BMDMs. Data are representative of

three independent experiments. All values are mednSEM. Statistically significant feifences were determined by

two-way ANOVA with Bonferroni ceation.

5.1.3 Setup of anin vitroefferocytosis assay to assess macrophage functionality

The previous ceulture experiments revealed senescent cells were able to escape or avoid any type

of clearance mechanism by macrophages. Therefore, we next hypotheserexcent cells

Y2Rdz  §S YI ONRLIKEFIAS FdzyOitrazyltade Ay RAFTFSNBYI
macrophages use to detect and engulf living senescent cells seemed unlikely. Instead, living
senescent cells should evade engulfment in the sameaszall other living cells by deployingR 2 y Q (i
eat-meg signals. This hypothesis does not account for the accrual of senescent cells with age and
disease, which argues other levels of interactions with macrophages occur. Therefore, the next step

was to askif senescent cells modulate a core onaphage function. W probed the effect of
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senescent cells on phagocytosis. Generally, macrophages ingest and degrade dead cells, debris,
tumor cells, and foreign materia]261]. Moreover, they are the cell type primarily responsible for
efferocytosis, the process of engulfing and eliminating apoptotic [20I8]. For these reasons we

chose macrophage efferocytosis capacity as a readout for macrophage functionality for the
following experiments. We developed and validated a series of novel efferocytosis assays to

measure the influence of senescent cells on macrophage functionality.

A scherme of the overall assay procedure is showrFigure 53A. When applied, Palbociclib was
removed 24hours prior to start of the caulture to exclude potential harmful effects on
macrophages, and thereby the overall assay readout. Macrophages were prirttedenescent

cells for 6 and 24 hours followed by the addition of PHK26 labelled apoptotic corpses (ACs) as the
efferocytosis target for 1 hour. The macrophages were analyzed for the amount of engulfed ACs via
flow cytometry. Therefore, we selected BMDMx fexpression of the marker F4/d801]. The
BMDMs were then furtheanalyzed for the subopulation of macrophages having engulfed ACs
(Figure 53B). Importantly, the interacting cell populations were extensively washed to remove
STFFTSNRrOeliAO OStfa (KIFIG aaidiradlé odzi 6SNB y2i
efferocytosis as readout for macrophage functiondl2y8], our approach enables highroughput
screening of multipleconditions in parallel. It enabled us to study the interaction between
macrophages and senescent cells with the quantifiable readout of engulfment of gpityl cell,

where actively engulfing macrophages were expected to show higher granularity.dragdarger

cells are more granular and show higher levels of fluorescence. This enables the detection of
macrophages having engulfed a target. As an internal normalization control, we used macrophages
and ACs alone, but in the absence of senescent(oalisonly). This control provides the maximum
efferocytsis engulfment signal for the assay. We found all types of senescent cells significantly
impaired macrophage efferocytosis compared to the contFafjre 53C). Our findings indicated

that senescent dés impaired macrophage efferocytosis function independent of the means of

senescence induction.

A key control in these experiments was to test the relative effect of senescent cells compared to

LINEEAFSNI GAYIST ay2NXIf ¢ hibiboNBf efferocdtass @ prapgity & G K SNJ 6 =

senescent cells, or fibroblasts in general? To test this, macrophages were primed with proliferating,
immortalized 3T3 fibroblasts instead of senescent fibroblasts, because MEF populations are very
heterogeneous athe start and already contain senescent cells. 3T3 fibroblasts are also generated

from MEF4275], but cannot become senescent without applying any type of intervention (these
68



Results

cells are immdalized but not transformed by definition). To induce the senescence phenotype, we
seeded and treated 50.000 cells. Not all cells survive the senescence induction, leading to a
decreased number of cells than originally plated as senescent cells in theTawatompare cell
numbers of proliferating and senescent cells in ourgetwe started with the same number of
originally plated cells (50.000) for both conditions. Under these conditions, no effect of proliferating
cells on macrophage efferocytosis abule observedRigure 53D). This indicates the observed

impairment effets results from senescent celisd not from fibroblasts in general.

The phagocytic target used for the overall efferocyd@ssay were human Jurkat celsthese have

been accepteds suitable target for other studies alreaf®78]. However, mixing different species

has been shown to cause xenotygiffects. Macrophages recogniaed are activated by foreign
molecular patterns[302]. To measure xenotypic effects resulting from the mixture of murine
macrophages with human target cells, we added labelled primary bareow derived eosinophils

that were verified by expression of Sigle§274] as phagocytic target to the assdyidure 53E)
instead of Jurkat cells. The assay procedure was condustéeszribed i%.1.3 In our experimental
setting no difference between Jurkat cells or eosinophils as efferocytosis target could be observed:
additional presence of senescent cells significantly impaired macrophage efferocytosis function
(Figure 53E).

In summary, we concluded senescent cells impaired macrophage functionality during efferocytosis
independent of the means of senescence induction. The reduction in efferocytosis was specifically
mediated by senescent cells and was shown to be independertieofpecies of the phagocytic

target cell.
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Figure 5-3: Senescent cells impair macrophage functionality during efferocytosis independent of the means of
senescence induction.
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A Schematioverviewof the overall experimental design. BMDMs were primed with different types of senescent cells for

6 or 24 hours. ACs were labelled with PKH26 (red) and added to macrophages in a 5:1: ratio. Samples were subsequently
analyzed by flow cytometryB Gating stategy for efferocytosis assay. BMDMs were selected for expression of F4/80. The
BMDM population was analyzed for the population of macrophages having engulfe@@@amitification of efferocytosis

of ACs by BMDMs in the presence of different types oéseent cellsD Schematioverviewand results of efferocytosis

of ACs by BMDM s in the presence of proliferating fibrobld&s8election of differentiated eosinophils by flow cytometry.
FResults of efferocytosis of apoptotic eosinophils in the presence of senescent cells (induced by Palbociclib). All values in
C D and F are means® SEM; ** p < 0.01; ** p < 0.001; **** p < 0.0001. Statistically significdiferences were
determined by me-way ANOVA with Bonferroni correction=3 biological replicates.

5.1.4 Senescent cells do not impair macrophage functionality by soluble molecules

So far, we established senescent cells were able to impair macrophage efferocytosis. For the
following experimats we wanted to confine the underlying mechanism(s) by which this impairment
effect was man#sted. Therefore, we determineghether the impairment effect required direct

cell contact between the seseent cells and the macrophageswas mediated by sohle factors
released from the senescent cells (e.g. factors in the SASP or other soluble factors that could
suppress macrophage phagocytic functions). To test this, we performed two types of experiments.
First, we performed a supernatant transfer assayneSeent cells were cultured for 24 hours
allowing soluble factors to be released into the mefB83]. The conditioned media (CM) was
transferred to the macrophages after removal of cell debFigure 54A). Macrophages were
primed with total, undiluted CM for 6 and 24 hours and ACs were applied for 1 hour as described in
5.1.3 The amount of macrophages having engulfed ACs was measyrdtbvb cytometry.
Compared to the control, where no CM was applied, no significant change in efferocytosis capacity
was observed. The efferocytosis capacity of macrophages was constantly independent of the
presence or absence of CHigure 54B) and therebre, the SASP released by senescent cells did
not impair macrophage phagocytic capacity. To substantiate these data, we conducted the
efferocytosis assay in a transwell experiment. Macrophages were primed with senescent cells in the
same well for 6 and 2Bours, however direct cell contact was disabled as the senescent cells were
seeded onto the transwell inserFigure 54C). Senescent cells were visually checked for viability
and proper attachment to the transwell insert. ACs were added as efferocytogisttto the part

of the well, containing previously seeded macrophages. Prohibited from direct cell contact,
senescent cells were not able to significantly impair macrophage efferocytosis capacity. Compared
to the control, where no senescent cells wereegent in the well, no significant change in
efferocytosis capacity could be determin@elgure 54D) The soluble factors released by senescent
cells that could pass the transwell insert did not obviously influence the phagocytic capacity of

macrophages. fie impairment seems to be rather regulated by direct cell contact.
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Figure5-4: Soluble factors released by senescent cells do not impair macrophage efferocytosis.

A Schematioverviewof supernatant transfer assay. Medium was conditioned by senescent cells (induBadhbiogiclib)

for 24 h Conditioned mediumvas centrifuged and added to WT BMDMs for 6 or 24 hours. ACs were labelled with PKH26
and added in a 5:1: rati@® Analysis of #erocytosis of ACs in the presence of the supernatant of senescent cells by flow
cytometry.CSchemati@verviewof transwell assaysSenescent cells were seeded in a transwell insertchvhias placed

into a well containind@dMDMs. ACs were labelled with PKH2@ added in a 5:1: ratio to thgart of thewell containing
BMDMs.D Efferocytosis of ACs amiltured with senescent cells in a transwell was analyzed by flow cytometry. DBta in
and D are representative of three independent experiments. All values ragans°® SEM. Statistically significant
differences were determined by ongay ANOVA with Bonferroni correction=3 biological replicates.

5.1.5 Senescent cells express increased CD47
Phagocytes recognize and respond to certain signals to orchestratelbetive and rapid removal
of distinct cells. Such sigha&a Ay Of dzZRS R A NX G inarkess for exkamild ohit@id & S|

apoptoticcd f A dzNF I OS I yR (i KBS thakBrsi rdoyhal$ fouddron viRcgld. i S I
Moreover, 0 KSNB | NB agetl Geésigrials secdated Dy apoptotic cells to attract

[N

phagocytes to sites of apoptotic cell death. Once the target cells are identified, their uptake by
phagocytes further depends on the molecular maching2$8]. As the impairment effect of

senescent cells was mediated by direct cell contact, we hypothesized it could be mediadted by

dzLINBE 3 dzf F GA2YS2FTYAREQO@UISEI 8y @ KSKOSE tYaaR?2 yaAAYST IS dal v
have t 1 dzN} f & S@2f SR G2 LINBGSYyd AYYdzyS RSadNHzOG .
autoimmunity, some cancer cells have-gated and exploited this strategy to evade immune

recogni A2y FyR Fill-0F® ¥RESORKRFQNHS5ST (A FHortBrEdINE & &4 SR
cancers and therefore has been extensively studied throughout the past \j2aBy The
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surface of macrophages, these cells are no longer able to effectivelyfeagphagocytose, other

cellsand thus selcells are not killed304]. Therefore, inhibition of the CD47 pathway is the

therapeutic vision in cancer therapy which could enforce the recognition and removal of malignant
cells[305]. We first focused on CD47 expression, as its shown interaction with macrophages could

be the basis for the impairmenftfect of senescent cells on macrophage functionality.

As a first step to investigating the CD47L wpathway, we examined senescent cells for their CD47
expression via immunofluorescence. To enable the visualization of the complete cells, we included
a phalloidin staining, which stains the cytoskeleton by actin binding. As control, we included
proliferating cells; these showed weak expression of CD47 located in the nucleus. By contrast,
senescent cells showed comparatively high expression of CD47 looatedtie cell surface
(Figure5-5A). Our findings indicated that senescent cells express increased CD47 compared to
proliferating cells. This high expression of CD47 may be responsible for the impairment effect of

senescent cells on macrophage phagocytosis.

To examine, whether CD47 was indeed responsible for the impairment effect of senescent cells, the
implementation of a lossf-function experiment was essential. Therefore, we generated CD47 KO
fibroblast cell lines, using CRISE&594.5.4). We designedujde RNAs predicted to create a loss
of-function Cd47 allele. After transfection, flow cytometry wgaused to isolate CD4@w,

or -negative cells, which should enrich for CD47 knockout cells. After further single cell cloning,
expansion, and validation bflow cytometry (our antCD47 antibodies perform poorly by
immunoblotting), the KO cells were compared to proliferating and senescent WT fibroblasts for
CDA47 expression by immunofluorescence. Generated KO clones were validated by the absence of
CD47 staimig during immunofluorescence, which also indicated the overall specificity of the applied
antibody Figure 55A). The CD47 KO clones were liertvalidated for their lossf-function using

flow cytometry, where also no CD47 expression could be deteé€ligdre 55B).
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Figure5-5: Senescent cells express increased CDA47.

A Cdls were fixed and stained with-CD47 antibody (green) and Phalloidin (blue). Depicted are representative images of
proliferating WT cells, senescent WT cells, senescent CD47 KO clone 1 and senescent CD47 (§énelscenze induced
by Palbociclih)The CD47 KO clones indicate the overat#ieity of the CD47 antibodygalebars indicate 50 unBCD47

KO cells were viired by CD47 staining in flow cytometry
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5.1.6 CDA47 expression is responsible for the impairment effect of senescent cells

Using the CD47 knockout cells, we next went on to elucidate whether the increased CD47 expression
on senescent cells (induced by Palbdlgjalvas the responsible factor for the impairment effect on
macrophage efferocytosis capacity of senescent cells. Senescent CD47 KO cells were compared to
senescent WT 3T3 cells in the efferocytosis assay as descritietl.3nThe assay procedure is
depicted inFigure 56A. Macrophages were primed with senescent cells for 6 and 24 hours followed
by the addition of labelled ACs as efferocytosis target. The macrophages were analyzed for the
amount of engulfed ACs via flow cytomet In concordance with the preceding sections, the
presence of WT senescent cells in the culture showed an impairment of efferocytosis as expected.
However, both tested senescent CD47 KO clones failed to impair macrophage phagocytic capacity.
No significat differences could be detected between the conditions in the presence and the
absence of senescent CD47 KO cells compared to the coRiguiré 56B). Consequently, we
concluded the impairment effect of senescent cells on macrophage phagocytic capasity

critically dependent on CD47 expression on senescent cells.

Taking a closer look on the impairment effect of WT senescent cells on macrophage efferocytosis,

the impairment was dependent on the duration of the preceding macrophage priming. Short

priming for 6 hours resulted in a stronger inhibition of efferocytosis effect, compared to longer

priming for 24 hours. Based on this experiment, we hypothesized, the impairment effect was likely

to be both transient and reversible; in other words, senescenticelRSt A GSNJ I aLJ NI f & a.
neighboring macrophages (if such a signal was permanent, we would expect any mactiophege

that encountered a CD4%ell to disable phagocytosisthis is clearly not the case). Therefore, we

setup a twostep efferogtosis approach: With the help of this twatep approach, a permanent

impairment on macrophage efferocytosis should become more evident as it should persist even

F FGSN) a20SNFSSRAYIE | FUSNI GKS aS02yR SEahSNR OB (24
we hypothesized it should not persist after the second efferocytddigu(e 56C). After the first

round of efferocytosis, the unbound ACs were removed and the cells were incubated without any
efferocytosis target cell for two hours. This wasdakd by a second addition of labelled ACs as
efferocytosis target. Then the macrophages were analyzed for the amount of engulfed ACs via flow
cytometry. However, after the second efferocytosis, no significant impairment on macrophages
efferocytosis in theresence of senescent cells could be detected anymore. This was independent

of the genotype of the applied cells. Neither after preceding priming with WT senescent cells, nor

after preceding priming with CD47 KO senescent cells a significant impairmesiteoocytosis
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could be detectedRigure 56D). We therefore concluded the impairment effect on macrophage

efferocytosis mediated by senescent cells was reversible.

In summary, our experiments indicated the impairment effect on macrophage efferocytosis,
mediated bysenescent cells was conveyéde (i K $eatyF82y r2f SOdz S / 5nT1T ® Cdz

impairment seemed to be a reversible effect.
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Figure5-6 : The impairment of the efferocytosis capacity of macrophages by senescent cells is dependent on CD47 and
reversible over time

A Schematioverviewof the overall experimental design for single efferocytosis. BMkte primed with different types
of senescent cells for 6 @ h ACs were labelled with PKH26 and added in a 5:1 ratio. Samples were analyzed by flow
cytometry.B Single efferocytosis of ACs by BMDMs in the presence of senescent cells (induced bgliBalt&chematic
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overview of the overall experimental design for double efferocytosis. BMDMs were primed with WT and CD47 KO
senescent cells for 6 or 24 hours. ACs were labelledRKtH67 (first efferocytosis) amKH2g§second efferocytosignd

added in a 5:1: ratio in a twstep (double) efferocytosis assay. Samples were analyzed by flow cytoddguble
efferocytosis of ACs by BMDMs in the presence of senescent celicdohdy Palbociclib). FoB and D data are
representative of threéndependent experiments. All values are me&rM; *** p < 0.001; **** p < 0.0001. Statistically
significant differences were determined by enay ANOVA with Bonferroni correctiom=3 biological replicates.

5.1.7 Efferocytosis impairment is independent cdicrophage phenotype and target
Macrophages have diverse functions in homeostatic and immune responses. The broad spectrum
of macrophage functions depends on both tissue environments and most importantly, the
activation plasticity of the celld91]. Plasticity in this setting meatise ability of macrophage®
change their functional profile rapidly through a process generally defisgublarization. Thereby
macrophages respond to different stimuli coming from the local microenvironment and acquire a
specific functional phenotype tailored to the functions needed (for example, recognition and killing
intracellular pathogens). Althoughacrophage phenotypes should be seen as plastic and adaptable,
they can be often simplified into two extremes for experimental purposes: anfl@mmatory (Mt

like) and an antinflammatory/pro-resolving (M2ike) profile[190]. Prainflammatory macrophages

are induced by microbial products, such as the lipopolysaccharide (LPS) and by cytokines, such as
interferon gamma (IFN 0 @ -inflayhiinatory macrophages are induced by4land L-13 secreted

by innate and adaptive immune cell806]. Based on this definition, Milke macrophages are
ignited andsustain inflammatory responsdsy secreting m-inflammatory cytoking, activating
endothelial cellsand inducing the recruitment of other immune cells into the inflamed tissue. On
the contrary, M2 macrophages promote the resolution of inflammation, phagocytose apoptotic
cells, drive collagen depogih, coordinate tissue integrity, and release anfiammatory mediators
[190](Figure 57A). Importantly, this definition is generally restricted to highly defined experimental
settings, whereas the situatioim vivois far more heterogeneous and comp[é85]. Different types

of macrophage phenotypes have previously been shown to be uniquely programmed to optimize
efferocytosig278]. Further, a recent study from our laboratory has shown macrophage polarization
influences the efferocytosis capacity of macrophad@@7]. Hence, we wanted to determine
whether the impairment of macrophage efferocytosis, mediated by senescent cells, could be further
manipulated by using macrophag&ith different activation gates in our experimental seaip.
Therefore, the efferocytosis assay describe®.ih3was repeated using unpolarized, Nike and
M2-like macrophages that were polarized for 24 hours in thecadure with WT senescent
fibroblasts. However, independent the macrophage activation state, the phagocytic capacity was
still significantly impairedsigure 57B).
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In addition, we wanted to reveal whether the impairment effect and its resolution in the CD47 KO
cells could be manipulated by the applion of different phagocytosis targets. Clearance of
apoptotic cells is the final conclusion of the programmed cell death pr¢868% Uncleared corpses

can become secondarily necrotic, promoting inflammation and autoimmunity (for example, by
released nucleic acids). Necrosis differs qualitatively fronptgsis in terms of cellular integrity and
subsequent release of intracellular contents into the extracellular environnjd@®]. These
differences result in drastically differenheans of clearance of the cell debii810]. What
distinguishes the phagocytosis of apoptotic cells from the phagocytosis of most baxtagarotic

cells is the lack (or even suppression) of aiipftammatory immune responsgB11]. To explore
whether the impairment effect of senescent cells was only restricted to aimtammatory setting,

we applied apoptotic and necrotic corpses in addition to bacteria as phagocytic target. However,
macrophage efferocytosis capacity was still iingeéh after priming with senescent WT cells,
independent of the phagocytic targefigure 57C). This effect was resolved in theadture with
senescent CD47 KO cells, also independent of the target. In summary, the impairment of
macrophage efferocytosisould not be altered by the application of macrophages in different
activation states. Furthermore, the impairment of efferocytosis by senescent cells was independent
of a pro and noninflammatory immune response. We concluded the impairment effect was
globally mediated by CD47, as CD47 KO cells could not impair the efferocytosis anymore,
independent of the target
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Figure5-7: The impairment of macrophage efferocytosis by senescent cells is independentaafophage polarization
or the phagocytosigarget.
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A Schematicoverview of the overall experimental design to generate polarized activation states of macrophages.

Unstimulated BMDMs can be polarized to aqmflammatory M A 1 S LIKSy2Gé&LJS o6& (GKS | RRAGAZ2Y 2
anti-inflammatory M2like phenotype by the adtdon of IL4 and IL13 Efferocytosis of ACs by differépstimulated

macrophages in the presence of senescent cells (induced by Palbo€iBliiggocytosisf different targets by BMDMSs in

the presence of senescent celisiduced byPalbociclib).For B and C data are representative of three independent

experiments. All values are meafsSEM; *** p < 0.001; **** p < 0.0001. Statistically significalifferences were

determined by me-way ANOVA with Bonferroni correction=3 biological replicates.

5.1.8 The impairment effect of senescent cells is dominated by CD47

azy20t2ylIf FyGAo02RASE GKIG | eaiiviSE2 yaAA By | KAS SMYIIKS |
macrophageexpressed receptors hawberapeutic potential in cancer treatmen812]. However,

variability in the magnitude and durability of the response to these agents has suggested the

presence of additinal, as yet unknownd R 2 y Q¥iS ¢S [&0A I y | flydab ledstY3BIZTNAG | Y

containing proteins exisind are expressed in cayipe specific wayg313]; conceivably, other ITIM

receptors could work like CD47. Consequently, Bagkal suggested CD47 could not bestbnly

GR2Y QUSESIAA Ty £ = o0dzi NI GKSNJ aSSya G2 2LISNIGS Ay
[314]. This led to the dicovery of additionabR 2 Y Q-ine¢ Signdils associated with malignancy,

including CD22 and CDE2B5, 315] Further studies showed also CD24, similar to Cdéracts

with macrophages. However, CD24 signals through its receptor 3ig[8&4]. At this stage in the

developmentof this field, genetic evidencend observational studies in cancer models argue CD22

and CD24 arkey complementary pathways to CDi&14].

Accordingly, we performed an immunofluorescence analysis of the senescent cells and stained the
cells with primary antibodies for CD47 and CCEure 58A) or CD47 and CD24dke 59A). For
visualization of the complete cells, a phalloidin staining was included. We compared proliferating

and senescent WT cells. Unlike CD47, neither CD22 nor CD24 was upregulated in senescent cells
compared to proliferating cells. This effectubt also be quantified by measuring the fluorescence

intensity signal for individual cellFigure 58B and Figure -SB). Moreover, comparable to
senescent WT cells, the senescent CD47 KO cells did not show upregulation of CD22Eig@@24 (

5-8A, Figuré-8A). This effect was quantifie#igure 58Band 59B). No significant difference could

be detected between senescent WT and senescent CD47 KO cells in the upregulation of CD22 or
CD24. We therefore concluded CD47 KO cells did not compensate the lodg6 8f ¢ R¥$OG S|
signal CD47 bylINBS 3 dzf | § A2y 2F SZ0KINY I RAFQD IABIF BSNBE RSLISY

emphasized from the genetic experimenEdure 56).
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Statistically significant differences were deténed by me-way ANOVA with Bonferroni correction. n=6 biological

replicates.

81



Results

CD47 KO WT WT
clone 1 senescent proliferating >
senescent senescent

CD47 KO
clone 2

B 2 25.000+ . 25.000+
7] ns
&  20.000 20.000-
E .
+ __ 15.000- 15.000 4
5 e
S © 10.000 . 10.000-
°g
g 5.000 5.000 4
[
c 0 - . 0 -
8 WT WT WT CD47 KO CD47 KO
£ senescent proliferating clone1 clone 2
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Al Stfta 6SNB TAES/RS AR ELN O\3EHER acdiBody&rahge} and Phalloidin (blue). Depicted
are representative images of proliferating WT cells, senescent WT cells, CD47 KO clone 1 and CD4?2 (S alibaes
indicate 50 um B Quantification of the CD24 signal in proliferating and senescent WT cells. Quantification of the CD24
signal in WT, CD47 KO clone 1 and CD47 KO clone 2 senescé&emetisence was induced by Palbocicivalues are
means°® SEM. Stastically significant differences were deteimad by amne-way ANOVA with Bonferroni correction. n=6
biological replicates.

82



Results

5.1.9 CD47 signaling can be followed downstream to macrophage StfRRling

The experiments conducted throughout this study strorgglggest CD47 was the surface molecule

solely responsible for the transient impairment effect of macrophage efferocytosis, mediated by
senescent cells. Subsequently we wanted to decipher the crucial signal being processed further
downstreanm in our system.KS G R2Y D4 HAFHy+f /5n1t AYKAOAGA OSft f d
its interaction with signal receptor protein f LIKI  o0{ Lwt h 03X 6KAOK A& SELINBA
ddzOK & YIONRLKI3ISA YR RSYRNARGAO OStBHPO /5nT 0
phosphatase[236]. SHPL is recruited to the cellular membrane and inhibits phagocytosis via
dephosphorylation of downstream mediators required for the engulfment prodegs] We
KelLl2GKSaAlT SR {wLth 0f201Ay3 Hyiwvtd2 RAB&S NG 0dAR v
O2yaSldsSyidte RAalFIOGES AyKAZRYFIISI0H)A IY I AyIT YSRAL
2S5 (KSNBT2NB O2yRdzOGSR GKS STFSNRpOedz2aAra laalé& A
significantlyalleviatedthe impairment eféct on macrophage efferocytosis capacity mediated

senescent cells. We primed macrophages with senescent cells for 6 hours, since a stronger
impairment effect could be observed for shorter priming in the preceding experimseeb(1.6).

The presence of {Lwth o6f201Ay3 lyiArAo2Re O2dA# R aA3ayArAfFTao
capacitycompared to conditions without the blocking antibodyiqure 510B). This provided the

FANBRG AYRAOFNGAZY (GKFG /5ntT SELINBAaaAeBsEd oy &Sy Ss
macrophages and also confirmed the primacy ofthe GPA&Zwt " | EA & Ay STFSNRO& G2

28 ySEG &2dAKG (G2 F2tt2¢6 GKS {Lwth &AIYylFfAy3ad LI
we could track SHP recruitment to the cellular membranof macrophages after priming with
senescent cells. The SHRecruitment was examined via immunofluorescence, using a primary
antibody against SHP. After 6 hours of priming of macrophages with senescent WT fibroblasts,
macrophages showed a ridige acumulation of SHR at the cellular membrane. This
accumulation was less strong-caltured with WT senescent cells for 24 hours. In theglures

with senescent CD47 KO cells, no accumulation but rather an even distribution -af &idRl be
detected fgure 510C). The fluorescence intensity accumulation upon binding ofi1SatRibody
was quantified for cellular crossections. The principle is shownRigure 510D. The fluorescence
intensity distribution was measured across each cell. Intensity psofiere quantified according to
the measured distance in um and the gray valfleorescence)ntensity. The intensity profiles of
three exemplary macrophages from each-adture condition were quantifiedRigure 510E).

Macrophages that were primed wittWWT senescent cells for 6 hours showed the highest
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fluorescence intensity at the outer borders of the intensity profile, reflecting the cellular membrane.
Although SHR was still detected at the cellular membrane in conditions where macrophages were
primedwith WT senescent cells for 24 hours, the intensity was reduced. No intensity differences in
the profile, but rather an equal distribution could be detected after macrophages were primed with

senescent CD47 KO cells.

In summary, the overall model that warefined throughout this thesis suggests that CD47 is
dzLINB 3dzf + i SR 2y &aSySaoOSyid OStfta IyR AydaSNI Oda
G2 {Lwth OI dzi S & -1 phodpHatdde.(BRRyefs recitedit&tBe céllllar membrane

and eentually inhibits phagocytosis via dephosphorylation of downstream mediators required for
the engulfment procesOur data provides new insights in how senescent cells and macrophages
act in concertThe value of these findings for the processes of tissue homeostasis and wound healing

will be further conferred in the discussion section.
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A Schematioverviewof the overall experimental design to dissect CR4Z wt h A 3Ayl f Ay3ad / 5nT1 Aa SELN
OSftfta YR AYUSNIOGa sAGK {Lwths |y AYKAOGA hAuNEcellblB/O LIG 2 NJ S E LI
/50T O0AYyRa (2 {Lwth3z AlliphoSphadageShat inhikitd phagbciitdsd yia dephosghétylatiop of t

downstream mediators required for the engulfment process. Antibodies that disrupt the-C4wt h Ay (G SINF Ol A2y > R
iyKAOAG2NE aAdyltAy3d o0& {Lwthx (GKSNBoe Ifaz2z RA&AFO6ftAY3d GKS A
of macrophagesB9 F TSN O i2a4Aa Ay (GKS LINBaSyoOS 2F aSySaodoSyid 0OStta oA

Data araepresentative of three independent experiments. All values are meé&EM. Statistically significant differences

were determined by onavay ANOVA with Bonferroni correction; **** p < 0.0001. n=3 biological replic&dhe co

culture of BMDMs and senesat cells(induced by Palbocicli | & FA ESR | y-BHP&antibady @§rBen)sndi K b

Phalloidin (blue). Depicted are representative images of theuwture with WT cellsor 6 hy WT cell§or 24 h CD47 KO

clone 1 and CD47 KO clonda?2 6 h Senescent cells and macrophages were distinguished by size differences in the

Phalloidin staining and specific binding of the SHantibody. Cells depicted in the clesp are indicated by an arrow,

cells that were used for further quantification are mbered. Scale bars indicate 50 pubSchematic overview dhe

intensity profile measurement of SHPin BMDMs. Intensity was measured across the widest point of each cell. Intensity

profiles were generated by measuring the distance in amd the gray vale intensity. E Intensity measurementin

BMDMs cecultured with senescent cells. Three representative measurements are shown for thaltaoe with

senescent WT cells for 6 $enescent WT cells for 24denescentCD47 KO clone 1 and CD47 KO cldioe @ h.
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5.2 Multinucleated giant macrophages as cell type to remove senescent cells
Multinucleated giant cellstMGCs) were first observed taberculosis[316]. Gant cell formation
results from fusion of mononuclear phagocytesich can contain from two to more than 200 nuclei
[317]. Multinucleated giant macrophages are also called polykaryons. They are formed in response
to the presence of aliemdigestible particulates itissues. Polykaryons are also presentivedse
infectious and nofinfectious chronic inflammatory conditions, including schistosomiasis,
atherosclerosissarcoidosisand Langerhans celistiocytosig318, 319] Moreover, they are often
found under conditions where large and/or poorly degradable material is present. Polykaryons
define the foreign body reaction to macmspic organic and inorganic materials, suctuas acid
crystals and surgical implan{818, 320] Consequently, polykaryons are hypothesized to be
specialized for uptake of large particlgg21]. The role of MGCs in general and polykaryons in
particular in disease is ambiguous. It remains unclear whether they are beneficial or detrimental to
disease outcome. Moreover, fused macrophages seem toajispifferent roles depending on the
nature of the disease. Indeed, reducé¢dl2, 323] increased[324, 325] or unchanged326]
phagocytic activityof MGCs compared to nefused macrophages have all been reported. Since
their first description in 1868, there have been few attempts to investigate the specifferties

of polykaryons as well as their function. A recent study compareeéadliated macrophages and
polykaryon culturesn vitro. Milde et al., found polykaryons phagocytosed their target less avidly
than unfused M2 macrophagd4327]. However, polykaryons were remarkably more competent in
the uptake of large particleg827]. In summary, there is strong evidence the main characteristic of

polykaryons is the uptake tdrge particlesvhich unfused macrophages are not capable of.

5.2.1 Polykaryons can engulf senescent cells

In the first part of thisthesis, we were able to show how senescent cells impair macrophage
functionality. Howeer, we werenot able to reveahow they could be removed by macrophages in
anin vitrosetting. As polykaryons have been shown to be able to engulf severely large targets, we
hypothesized senescent cells as giant target would require a giant phagocyte to be renwwed fr
the tissue. Therefore, we suggested polykaryons may be able to engulf senescent cells. To examine,
whether polykaryons would take up senescent cellsseeup a caoculture with the two cell types.
Senescence was induced in MEEBated with Palbociclib. The green fluorescent senescent actinGFP
MEFs were imaged in aulture with red fluorescentdTomato™ polykaryons Eigure 511A). The

same cell was followed over time for 48 hours. Theglbure showed giant macrophages wexigle

to engulf senescent cella a very slow process. This effect could be quantified by measuring the
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green fluorescent cell area over time. As an addaiaontrol, we included normahfused BMDMs.
BMDMs were nofable to engulf senescent celighich hasbeen shown earlier in this studgde

5.1.2. However, polykaryons were able to engulf senescent cells. The quantified cell area of the
senescent cells gnificantly decreased over timghereas it stayed constant in the -calture with
BMDMs and the singleulture of senescent cells alon&igure 511B). These results indicate,
BMDMs and polykaryons differ in their general phagocytic capacity to engulf cellular targets. To
further assess the general phagaic properties of polykaryons/ie setup the coculture with
proliferating cellsinstead of senescent cells. Proliferating cells are no natural target for BMDMs
[328]. Moreover, in our setip BMDMs do not engulf proliferating cells. No significant difference in
cell area could be deteatebetween the single culture of proliferating cells, neither in the presence
nor absence of macrophages. However, polykaryons were able to take up the proliferating cells. We
could quantify a significant decrease of the cell area in the presence of patylacompared to

the single culture control over tim&igure 511C). This indicated a strong global phagocytic capacity

of polykaryons.

As polykaryons and BMDMs showed substantial differences in their general phagocytic capacity
regarding timing and tarde specificity, we further evaluated the metabolic properties of
polykaryons compared to BMDMs. An extracellular flux analysis should reveal potential differences
in mitochondrial respiration. Polykaryons show a lower Oxygen Consumption Rate (OCR)
(Figure 5-11D), suggesting their mitochondrial aerobic respiration was impaired. Further, we
generated an energy profile of the two cell types. The relative utilization of the two energy pathways
of the two populations was determined under both baseline and stressmditions. The response

to an induced energy demand resulted in their metabolic potential or energy profile. This energy
profile indicated a rather quiescent phenotype for polykaryons and a more energetic phenotype for

BMDMs Figure 511E).

In summary polykaryons showed the ability to engulf senescent cells. Howekisr process was
comparably slowwhich was supported by the quiescent mitochondrial aerobic metabolism of
polykaryons in general. A caveat of this system et polykaryons did noteem i select a
suitable targetbut rather had highly phagocytic properties under any circumstances. If these cells
are suitable for therapeutic applications needs to be revealed by analyzing the phagocytic capacity

of polykaryons in ain vivosystem.
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Figure5-11: Polykaryons engulf senescent cells.

A Senescence was induced in actinGFP MEFs by treatment with Palbociclib. Senescent MEFsuleredavith
polykaryons isolated from tdTomatenice in a raib of 10:1 polykaryons to senescent cells and imaged over 48 hours. In
each image group, the same fiativiewis shown across time. Data are representative of three independent experiments.
The uptake of the senescent cell is indicated by a white arféw.scaléar indicates 50 unB Quantification of the green
fluorescent signal of senescent cells in thecodture with BMDMs and polykaryons. Data are representative of three
independent experimentsC Quantification of the green fluorescent signal abliferating cells in the caulture with
BMDMs and polykaryonB.Measurement of mitochondrial aerobic respiration profile. The cells were sequentially treated
with oligomycin, FCCP and rotenone/antimycin A (Rot/AA) and OCR was deterBfeetgy phenagtpe profile. OCR
and ECARextracellular acidification ratenot shown alone) are plotted together to generate an energy phenotype profile
to compare BMDMs and polykaryons. Dat&#&nd Care representative of three independent experiments. All values are
means® SEM. Statistically significant differences were determined byvap ANOVA with Bonferroni correction. Fyr

C DandEn=3 hiological replicates.
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5.3 A model system to analypathogenic aggregate removal by macrophages

The overall goal ahe second part of this thesis wdo decipher the role of macrophages for the

removal of mutant Huntingtin (Htt) aggregates in a defined and tractable cellular model. Htt
aggregatewere usedas an example for how macrophages interact with aggregataing cells.

¢t KSNBoe GKAa (dKSara gAff KSELI G432 | OljdzZANBE AYLINR D

disease (HD) and potentially other neuropathologic aggredateen diseases.

Among he many risk factors for neurodegeneration, the aging process itself has by far the most
influence. The pathogenesis of most neurodegenerative diseases is associated with the nine
biological hallmarks of aging as outlined in the introductiMoreover, seescent microglia,
astrocytes and neurons as well as the occurrence of sévethlar senescencenarkers such as
telomere shortening, SASP factors, a persistently activated DNA damage resporessed SA-

gal and increased p2é*4 have been reporteth agerelated neurodegenerative diseasgz10].

Protein aggregation is a hallmark of many neurodegatiee disorderd329], including HO3330].

Thein situstructure of protein aggregates inside cells has been investigated to gain insight into the
role of inclusion bodies for their pathology atitkir deleterious cellular effectR67]. Although HD
primarily affects the brain, Htt aggregates have been found ierdifft peripheral cells and tissues.
Also in other cell types they show detrimental effects, eventually leading to cell §@ath for
example in the pancreal832], in skeletal and heart muscle ce]&33] and in fibroblastd334]
Several therapeutic approaches aim to reduce the abundance of aggregates via immunotherapy.
Efforts to develp evidencebased treatment strategies for neurodegenerative diseases are
ongoing, but neither highly effective treatments nor potent protective approaches have yet been
identified [240].

However, removal of protein aggregates associated with neurodegenerative diseases has not only
been approached by pharmacological interventi¢®35, 336] Assorted approaches have tried to
clear the aggregates with the help of surrounding celsl several of these have shown the
importance of macrophages for the aggregate removal processeXample, Fialat al. showed
macrophages originating from the blood can enter the brain and engulf amyloid peptides associated
gAGK |1 KSAYSREE Intriguingls Imac®phagéssisnlated from the blood of AD
patients are less effective at clearing amyloid peptides than those from unaffectedtimalis{337].
Macrophages have also been shown to be associated with glpha/ dzO {S¥NIC)/cleardnce in the

gastrointestinal tract. Phillipst al. suggested macrophages play an active role in remgdviSyNC
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aggregates that accumulate with age in the neural circuitry of the gut. Their observations further
indicated this housekeeping response does not clear the protein sufficiently to eliminate all
synucleinopathies or their precursor aggregates from tiealthy aging gastrointestinal traf@65].

However, none of these type of studies to date has been implemented to reveal the potential

importance of macrophages for HD.

The development of cellulanodels to examine the mechanisms involved in HD disease will help to
gain an improved understanding of HD pathology in general. The study of peripheral cells could
provide new insights which help to convey HD pathology from a cellular model to what octhes

brain. This could further aid to apply therapeutic strategies from peripheral systems to targeting the

brain.

5.3.1 Macrophages trigger aggregate elimination from fibroblasts

In HD, mutant Htt is ubiquitously expressed throughout the body and has beemnstwm be
associated with abnormalities in peripheral tissues which are important features of the
pathophysiology of HD. Studying the interaction of Htt aggregates in such a peripheral cell type will

likely enhance our general understanding of the pathogimef the diseasg338].

To examine the process of aggregate removal in a reduced complexity cell biological approach, we
setup an in vitro system ceculturing fbroblasts and macrophages. As described above,
macrophages have been shown to play a fundamental role in aggregate removal of other
neurodegenerative diseases. Moreover, fibroblasts manifest cellular dysfunctions similar to neural
HD cellg[333, 335]and provide tractable, convenient and reproducible characteristics. For our
study, we used three different types of aggregates. We applied two variartedfitt protein, a
variant with 27 glutamine repeats (Htt27Q) and a variant with 97 glutamine repeats (Htt97Q). The
expansion of a polyQ stretch in thetdfminal region of Htt results in aggregation of the mutant
protein and its length defines the onsahd severity of the disease in humans. The expansion up to
35 repeats is considered normalhereas an expanded CAG repeat of greater than 35 units causes
characteristic neurological symptorfd39]. Accordingly, we are applying one variant nesulting

in a disease phenotyp@tt27Q) whereas the other variant has been shown to cause severe HD in
humans (Htt97Q)340]. The Htt aggregates were complemented by an artificial aggregate, ABIN1.
ABINL1 is a polyubiquitin binding protein, which is not disease related and has been shown to form
aggregates when transfected into cells (Dr. A. Alpi,-Bi&themistry, unpublished). All protein
aggregates are GRRgged. A GFP vector was included, as GFP isggnegating and therefore
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provides a key control for interpretation of the -©olture sysem. The basic assay platform is
depicted inFigure 512A. Fibroblasts were seeded, followed by transfection with different types of
aggregates and GFentrol. After the expression of green fluorescent aggregates was observed,
macrophages were added to thmulture in different ratios to the fibroblasts. @mltures were
recorded via livecell imaging and the number of green fluorescent aggregate objects was tracked
over time. As described below, different variations of this culture system were used tceifurth

explore the interaction between macrophages and aggredpgaring fibroblasts.

Representative images of WT fibroblasts, transfected with the different constructs are shown in
Figure 512B. The upper panel shows the control: a single culture of aggrduteng fibroblasts

at 48 hours postransfectionin the absence ofmacrophages. The lower panel shows acatiure

in the presence of macrophages. The GFP signal does not change over time independent of the
presence or absence of magimages in the culte. By contrast, for the different types of
aggregates, fibroblasts emiltured in the presence of macrophages showed a ttapendent
reduction of green fluorescent objects, implicating an aggregate removal mechanism(s) mediated

by the presence of macroplges.

Aggregate removal over time was quantified which is showirigure 512C. The number of
aggregates in the conditions with Htt aggregates and artificial aggregaemificantly decreased

in the cacultures with macrophages over time. On the aamy, the number of aggregates in the
single culture of transfected fibroblasts in the absence of macrophages stayed constant, indicating
the fibroblasts alone were not able to eliminate the aggregates. Moreover, object numbers of the
GFPRvector control inthe presence omacrophages also stayed constant over time. At first glance,
these results suggest the aggregate decline involves a macrofieandent trigger causing
aggregate removal from fibroblasts. If this holds true, increasing the number of impertophages
should be approximately proportional to the rate of aggregate removal. In other words, more
macrophages should lead to enhanced, and/or faster removal. Indeed, this was thé-icase.5

12D shows the higher the macrophage number appliech fibroblasts, the lower the aggregate
count after 48 hours. However, a caveat of the system is the transient transfection of protein
aggregates. This results in a variability in aggregate removal efficiency between the individual
experiments Figure 512C and Figure-22D). This correlation indicates the process of aggregate

removal can be titrated using increasing numbers of macrophages.
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In summary, the different aggregates used in this study were transiently expressed in fibroblasts
over a time course 048 hours. Macrophages specifically triggered aggregate elimination from
fibroblasts in a quantifiable manner. However, as this approach is a simple cell biological model, the

next step was to attempt a similar type of experiment in primary cortical nesiro
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A Schematioverviewof the overall experimental desigkibroblasts wereseeded 24 h prior to transfectioCells were
transfected with GFP (negative control, raggregatingprotein), Huntington aggregates Htt27Q and Htt97Q (Htt with 27

or 97 glutamine repeats fused to GFP) and artificial protein aggregates (ABIN1, artificially aggregating whesretdans

in cells). Afte 24 h the cells expressed green fluorescent protein aggregates. BMDMs were added in a ratio of 10:1 and
the coculture was imaged once every hour for B8in an IncuCyte liveell imager.The number of green objects was
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determined using the correspondinsoftware.B Representative images of fibroblasts transfected with the different
constructs in single culture and in-calture with macrojhages. Scalbars indicate 30Qum. C Quantification of green
fluorescent object counts in transfected fibroblasts simgle culture and in coulture with macrophages. Data are
representative of three independent experimen® Quantification of green fluorescent object counts in transfected
fibroblasts in single culture and in -colture with different amounts of macphages. Data are representative of two
independent experimentsAll values are mean§ SEM. Statistically significant differences were deteedi by
two-way ANOVAwith Bonferroni correction; ***p <0.00L; **** p <0.0001;n=3 biological replicates

5.3.2 Studying aggregate removal in neuronal systems

We next developed a similar experimental sgt with neurons, potentially providing a more
relevant system for HD in the nervous system. In collaboration withtiKekfoelkl (MPI
Neurobiology)we isolatedprimary cortical heurons from E14 embryos and introdiceCherry
tagged aggregating H{Htt25Q, Htt97Q) via lentiviral transduction. Primary microglia, isolated from
newborn pups, were added to the neurons as phagocytic cell type. We hypothesized rajcrogli
being the main phagocytic cell in the brain, could also remove the aggregates from neurons. The
experimental seup is depicted ifFigure 513A. Representative images of the transduced neurons

in single culture and coultures are shown in Figeir5-13B. The upper panel displays neurons
transduced with the different aggregates at the beginning of the experiment. The panel in the
middle shows the transduced neans after 48 hours. For all transduced construgis observed
signficant death ofneurons in bhe single culture after 48 hours. These images indicate neurons
could not tderate Htt aggregates anthe mCherry control. However, the presence of microglia
seemed to stabilize all transded constructs in the coulture which is shown in the lower panel.

This stabilizing effect of microglia over time was quantified and is depictédume 513C. Although
microglia are physiologically the phagocytic cells of the central nervous system, we did not observe
the effect of aggregate removal in our experimergatup, but rather an unexpected stabilization
effect of microglia for aggregates in neurons. To further investigate the process of aggregate
removal in aneuronal system, we replacadicroglia with BMDMs, the macrophage type we used

at the beginning Figure 513D) [341] which showed the ability to remove aggregates in the
preceeding assagé¢e5.3.1). BMDMs significantly engulfed neurons over time. However, although
aggregate numbers decreased over time at the same rate in the absence and the presence of
macmophages, this is a consequence of the overall effect of the macrophages eliminating neurons
and their contents. BMDMs seemed to attack neurons in all conditions including the mCherry
control. Thus, the caulture scenario to study Htt aggregate removagbiimary neurons turned out

to be unsuitable for the purposes of determining the mechanisms of aggregate removal. We
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therefore decided to continue to examine aggregate removal as a cell biological phenomenon in a

co-culture system with fibroblasts and BMDMsoughout this thesis.
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Figure5-13: Microglia enhance aggregate stability in cortical neurons.

A Schematioverviewof the experimental design. Cortical neurons were sekded differentiated fof7 days. Cells ere
transduced with lentivirusencoding mCherry or the Huntington aggregates Htt25Q and Htt97Q (Htt with 25 or 97
glutamine repeats fused to mCherry). After 7 additional days the cells expressed fluorescent protein aggregates. Microglia
andBMDMs were added in a ratio of 10:1 and theaudture was imaged once every hour for 481fan IncuCyte liveell
imager.The number of red objects was determined using the corresponding softB&epresentatie images of neurons
transducedwith the dfferent constructs in single culture and in-calture with primary micrglia. Scale bars indicate 300
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um. C Quantification of the red fluoresmt object counts of transducedeurons with and without microgliaD
Quantification of the red fluoresmt object counts of transducedeurons with and without macrophages. Féand D
data are representative of three independent experiments. All values are nie8B#/. Statistically significant differences
were determined by twevay ANOVA with Bonferroni correctip**** p < 0.0001; n=3 biological replicates.

5.3.3 Manipulation of aggregate formation conditions

Up to this point, the experiments showing aggregate removal by macrophages relied on a transient
transfection approach; in this case with Lipofectamine. Given that liposoediated transfection

can influence cell physiolod®42], we sought a alternative approach to analyze the aggregate
removal process. Thus, we developed a tetracycline (Tet) regulated system to induce Htt aggregate
formation. Using the piggyBac systd@68], we generated a stable 3T3 line expressingHamm
version with 94 CAG repeats fused to CFP under control of thee3jgbnsive promoter4.5.3.
Addition of doxycyline to the system initiates the transcriptidiid T resulting in the expression of
Htt94Q aggregates in the cell (Figurd4A). We followed aggregate induction fibroblasts over

time by live-cell imaging. After 16 hours of doxycycline induction, the first aggregates were
observed. The optimal exgssion rate of aggregates was observed after 32 hdtigife 514B),
therefore this time was set as starting point for the@dture. The ceculture between aggregate
bearing fibroblasts and macrophages was repeated as descrilded.l Representativémages of

the single culture of fibroblasts alone (left) and theadture with macrophages (right) after 48
hours are shown in Figufe14C. Comparable to Lipofectamine induced aggregates Figure 5

12), the doxycyclinénduced aggregates remained aiant in a single culture of fibroblasts over 48
hours. In the ceculture with macrophages, less aggregates were observed, indicating macrophages
removed the aggregates. This effect was quantified by counting green fluorescent aggregates using
life-cell imaging over a 48 hour time increment (Fig@&4D). The cells were recorded by iifell
imaging for 48 hours and the green fluorescent aggregates were counted. The number of aggregates
in the single culture of transfected fibroblasts alone was slightisesed with progression of time.

On the contrary, the number of aggregates was significantly decreased in theltace with
macrophages over time. Collectively, these experiments indicated aggregate removal from
fibroblasts by macrophages is independerfitthe means of aggregate induction. Moreover, the
removal of aggregates from transiently transfected fibroblasts was not overtly influenced or

facilitated by Lipofectamine.
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Figure5-14: Timedependentinduction of aggregate formation by a TEDN system.

A CFRagged Htt version with 94 glutamine repeats (Htt94Q) is fused to gofbehoter. Upon addition of doxycycline,

the Tetpromoter gets activatedand drives the expression of the downstream positidnéHtt94QCFP gene.

B Representative images of time dependent induction of Huntington aggregates (Htt with 94 glutamine repeats fused to
CFP)n fibroblast single cultureafter treatment with doxycyclineCRepresentative images of fibroblasts after doxglirye
induction in single culture and emulture with macrophagesMacrophages were added 32dfter doxycycline indction.
Scalebar indicates 300 poD Quantification ofgreen fluorescent object counts of aggregate expressing fibroblasts in
single cultue and ceculture with macrophages. Data are representative of two independent experiments. All values are
means® SEM. Statistically significant differences were determined bywag ANOVA with Bonferroni correctiori:**

p < 0.0001n=3 biological replicates.
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5.3.4 Aggregate removal requires direct cell contact between macrophages and
fibroblasts

¢CA&dadzS YIONBLKIASE NBO23yAl S | yiklamégiahdsashion. L2 LIG 2 G .
tKSaS S@Syida NBI dzArNER gnéiddé the apbptdtid cdll s@rfice, dh8 imast
fundamental of which is phosphatidylserine (Ptd$&43]. Macrophages are recruited and migrate

to apoptotic and injured cells in response to cuetivered by the apoptotic cellwhich release a
setofseOl f £ S-KRS & F & &)Y Reteat findings indicate macrophages do not always wait
for cels to die before initiating a phagocytic attack. They may also engulf living cells if these expose
sufficient levels of externalized PtdSer. In any case the engulfment of cells requires direct binding of
the phospholipid and therefore direct cell contd845]. We hypothesizeé, Htt aggregate removal
requires direct contact between a macrophage and aggrefataing cell, as opposed to an indirect
event. Indirect removal of aggregates cobkla possibility in this systeifimacrophages consumed

key metabolites in the culturesThen stress response pathways would activate proteostasis
pathways in the aggregateearing cells; in this case, the macrophagediated effect would be
entirely indirect. We therefore performed ecultures between aggregateearing fibroblasts and
macrophages in a transwell approach. In this-sgt both cell types are present in the well, but
direct cell contact is prohibited by the transwell insert. The fibroblasts were transfected with the
aggregate constructs as describecbift.1and the macrophagesave seeded on a transwell insert

that was subsequently added to the wéfligure 515A). Aggregte counts were captured via év
cellimaging over time and the number of green fluorescent objects was quankfiedll conditions

the aggregate @unts stayd constant over timeindependent of the presence or absence of
macrophagegFigure 515B). This result indicates macrophages cannot trigger aggregate removal
from fibroblasts via soluble factors. The aggregate removal from fibroblasts requires direct cell

contact between fibroblasts and macrophages.
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Figure5-15: Direct contact is required for macrophagmediated aggregate removal.

A Fibroblasts were seeded and transfected with the aggregate cactstrA transwell insert with the pore size of 0.4 uM
containing BMDMs was placed into the wdl.Quantification of the green fluorescent object counts of aggregate
expressingWT 3T3fibroblasts in single culture and @ulture with macrophagesDaa are representative of three
independent experiments. All values are meahsSEM. Statistically significant diffei@es were determined by
two-way ANOVA with Bonferroni correction. n=3 biological replicates.

5.3.5 Use of bystander cells to analyze aggregateoral

So far, our experiments examined aggregate removal only between macrophageshand
aggregatebearing target cell. However, cell removal by macrophages in tissues causes bystander
effects. For example, apoptotic tumor cells have been shown to trigiggrophagemediated
clearance of surrounding neapoptotic bystander cell846]. We wanted to decipher whether also
the aggregatebearing cells would hea bystander d&cts on a thirdneutral cell line in our
experimental seup. We further wanted to see whether the efficiency of the aggregate removal
could be disturbed by the presence of neutral cellthe culture. Thereforewe generated mCherry

a Ol f A 0 NIndiugimglthe BB Sybtemiq45.1). These cells constantly express mCherry, which
is evenly distributed throughout the cell body. Téeneralexperimental seup was performed as
described irb.3.1

In this assay, the calibrator cells were added at theesime as the macrophages to the aggregate
bearing cells. The calibrator wared (mCherry) and the aggregate green (GFP), while the

macrophages remaad unlabeled. This system allowedincident monitoring of the number of red
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calibrator cellsacross timein comparison tothe aggregates Rigure 516A). The number of
aggregatesin transfected fibroblastsn co-culture with calibrator cellsbut in the absence of
macrophages slightly increased over tinkégre 516B). This indicates the calibrator cells dit n
interfere with aggregate stability in the transfected fibroblasts. Further, the number of aggregates
significantly decreased over time in the-colture with red calibrator cells in the presence of
macrophages, whereas the Gi##ttor control stayed conant. This suggested the removal of

aggregates from fibroblasts is independent of the presence of a calibrator cell line.

The next question centered athe number of calibrator cellg the cultures. If macrophage and
aggregatebearing cells did not influece the calibrator (in any way), we would expect to find an
increase in the number of dividing calibrator cells over time. Therefore, we quantified the red
calibrator cell object count to reveal whether the aggregate bearing cells have bystander effects
which trigger macrophages to also engulf or Kill the calibrator cells. Over time, the number of red
bystander cell objects slowly increased in either the presence or absence of macrophages. No
significant differences could be quantified compared to cont(@igure 516C). These findings
suggestedhe aggregate bearing cells did not trigger macrophages to remove a neutral cell from the
culture. In summary, the neutral calibrator cells neither seemed to interfere with the aggregate

stability in the fibroblastsnor the aggregate removal process mediated by macrophages.
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A Schematioverviewof the owerallexperimental design to usirgalibrator bystander cedto quantify aggregate removal.

Fibroblasts wereseeded 24 h prior to transfectioells were transfected with GFP, the Huntington aggregate Htt97Q or

artificial protein aggregates. After 24, the cdls expressed protein aggregates. At this point, BMDMs and mCheriy Flp

fibroblasts (calibrator) weredded in parallel in d40:1 ratio (macrophages:transfected fibroblasts) and wtlo (red
calibrator:transfected fibroblasts) anthe co-culture was inaged once every two hours for 48ran IncuCyte lev cell
imager.The number ofjreen and redbjects was determined using the corresponding softw&Quantification of the

green fluorescent object counts of transfected fibroblasts in single culturd ecculture with macrophages.

C Quantification of the red fluorescent cell object counts of mCherryirFlfibroblasts in ceculture with transfected

fibroblasts and in culture with and without macrophages. Basnd C data are representative of three independent

experiments. All values are meahsSSEM. Statistically significant differences were determined byvixag ANOVA with

Bonferroni correction**** p < 0.0001; n=3biological replicates.
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5.3.6 Aggregate removal is notediated by the cell intrinsic apoptosis pathway or LAP

We went on approaching further understanding of the mechanism by which macrophages trigger
aggregate removal from fibroblasts. Therefore, we hypothesized one plausible pathway involved
was the inducthn of the intrinsic apoptosis pathway in aggregataring cells, triggering
conventional efferocytosis (noting the decisieperiments showing direct cell tell contact was
required for aggregate removal). In this line of thinking, it is importantdte that fibroblasts lack

the molecular machinery for inflammasonmeediated caspasé activation and pyroptosig347].
However, we rendered ferroptosis as an unlikely pathway as the cell culture media is replete with
cysteine and no ferroptosisducing agents were present. Thus the apoptosis options for fibroblasts
were largely centered onhe instrinsic mitochondriainediated caspase pathway. We therefore
disabled this pathway. We replaced the WT fibroblasts in ouupeby Bax Bak DKO fibroblasts
being transfected with the protein aggregates. These cells cannot undergo intrinsic mitoigtondr
mediated apoptosis [348] (Figure 517A). If macrophages triggered aggregate removal from
fibroblasts by the induction of intrinsic apoptosis, it should be evident in oungefhe ceculture

assay was repeated as describe®.8.1 In the singleulture of aggregate bearing fibroblasn the
absence of macrophagése green object counts for all transfected constructs slightly increase over
time. However, the object counts in the -@ulture in the presence of macrophages showed a
significant decease in green fluorescent aggregates over time. The aggregate counts in the GFP
vector control slightly increaskover timeindependent of the presence or absence of macrophages
(Figure 517B). These results indicatehat macrophages do not trigger the mmval of protein

aggregates by inducing intrinsic apoptosis to the fibroblasts.

A newlydescribed pathway for ingestion of large particulate structures is termedas€&ciated

phagocytosis (LAR)AP is mediated by the recognition of a variety of palditas, including protein
aggregates[349] (Figure 517C). Engulfment of particulates vitll-like receptors (TLRS),
phosphatidylserine (PtdSer), and-feceptor (FcR), respectively, triggers recruitment of the

wdzo A 02y nO2 ylill AtyloE OF YIIASHE (2 GKS OFNH2nO2y il AyA
and stabilizes the NOX2 complex. Rubicon activity is required for recruitment of the downstream
dzoAljdzA GAy it A1 S O2yedAaAl A2y aeadsSvya (2 i@mSySNI 4GS
phagosome to form the LAPosome, where the target is eventually digg3%] We therefore

hypothesized the proteilmaggregates activate LAP in the macrophages, consequently triggering the

removal of protein aggregates in fibroblasts. Thecatiure assay described $3.1was repeated

using macrophages lacking Rubicon. As Rubicon is essential for the formation of the PI3K complex
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and subsequent formation of the LAPosonfcr/- macrophages would be disabled to trigger
aggregate removal via LAP. However, thegtiure withRbcr/- macrophages showed a significant
decrease in green fluorescent aggregates over time. The aggregate counts were slightly increased
in the single culture with transfected fibroblasts alone and also in thev@E®r control Figure

5-17D). Thus, macrophageld not trigger the removal of protein aggregates from fibroblasts via
LAP.

The caveat of these experiments is that there are various options which could regulate the aggregate
removal mediated by either of the two cell tgpin our system. Macrophagesidiot seem to induce

cell death by the induction of intrinsic apoptosis to the fibroblasts and sedmregulate aggregate
removal in different ways than LAP. Particle internalization in general is initiated by the interaction
of a diversity of receptorgapable of stimulating liegocytosis. Moreovermost particles are
recognzed by more than one receptor aridese receptors are gable of crosdalk and synergy
whichfurther complicates our understandiff§51]. The possibilities to narrow down the potential
underlying mechanisms enabling aggregate removal from fibroblasts by macrophages are limited by

the availabilityof suitable cell lines and remain to be implemented into our experimentalipet
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Figure5-17: Aggregates in cells lacking the intrinsic mitochrondrial apoptosis pathway are removed by macrophages,
while LC3 mediated phagocytosis in macrophages is not required.

A Schematicoverview of the mechanism targeted in the assay. In healthy cells, the2Bike prosurvival proteins
safeguard mitochondrial outer membrane integrity and cell survival by preventing the activation of Bax and Bak. Under
conditions of stress, the BHly proteirs are activated transcriptionally and/or posttranscriptionally to induce apoptosis

by releasing Bax and Bak from inhibition by the-BGke proteins. Once activated, Bax Bak cause mitochondrial outer
membrane permeabilization (MOMP) with consequent reke@f apoptognic molecules, likeytochrome c. These are

able to cause activation of the caspase cascade that eventually culminates in cellular dem@iiSoentire process is
blockedIn the Bax Bak DKO fibroblasts used in the a3&juantification d the green fluorescent lgject counts of
transfected BaBak DKO fibroblasts in single culture andcatiure with macrophagesC Schematicoverview of the
mechanism targeted in the assay. k&530ociated phagocytosis (LAP) is a pathway for ingestion tiéydate structures.

After recognition of extracellular cargos by specific surface receptors, they are ingested into phagosomes. During LAP
these are called LAPosomes. One of the components required specifically for LAP is Rubicon @n&ixt#d The
ingestion is terminated by the fusion with lysosomes by which extracellular particle is degraded. RulticaKO
macrophages, this process of LAP is prohibizQuantification of the green fluorescent object counts of transfected
fibroblasts in single ctire and coeculture with Rbcn”- macrophages. FoB and D data are representative of three
independent experiments. All values are meahsSEM. Statistically significant diffei@es were determined by
two-way ANOVA with Bonferroni correction; *** p < 0.00**** p < 0.0001;n=3 biological replicates.
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5.3.7 Macrophages do not seem to kill fibroblasts upon aggregate removal

During preceding experiments presented so far, we were able to exclude the induction of intrinsic
apoptotsis by macrophages to the aggregbtaring cells and aggregate clearance via LAP as
potential mechanisms. Moreover, we showed direct contact was required. There is a plethora of
possible underlying mechanisms regarding different types of cell death and various types of
phagocytosis but testg via candidate approaches (for example, individual knockouts in phagocytic
receptors, of which there are ~1QB852)) is unfeasible. We decided to use a focused approach to
ask the basic question of whether the aggregate bearing cells die at all upon aggregate removal,

following which, the aggregate and cell debris would be eliminated.

To quantify cell death ofggregate bearing cells, we modified the basic structure of the calibrator
bystander experiments. This time, we transfected the mCherry calibrator cell line with the
aggregates or the GRRector control. Unlabeled macrophages were added, and the green
fluorescent aggregate object count and the red fluorescent cell object count were recorded over
time. The assay procedure is depictedFigure 518A. In this way, we expected to detect the
potential death of the aggregate carrying cells, which would be inglicaly a decline in the red
fluorescent cell object count matched with a decrease in the green object count.vidrgerified

the basic experimental setp worked comparably to the other cell lines used herein. Therefore, we
quantified the green fluoresec# object count over time in the absence and presence of
macrophagegFigure 518B). The number of green fluorescent aggregates slightly increased over
time in the transfected calibrator cells in the absence of macrophages. This indicates, the calibrator
cell line tolerated the protein aggregates in a corresponding way to the other fibroblast cell lines
used throughout this studys€e5.3.1; 5.3.6). In the presence of macrophages, however, the number

of aggregates significantly decreased over time. Accgrtbrour previous findings, the number of
green fluorescent objects for the GiWEctor control did not show any changes in green object
numbers mediated by the presence or absence of macrophages. This indicates the assay worked as
expected and the mCherialibrator cells showed results comparable to the other used fibroblast
cell lines throughout this study (se&3.1; 5.3.%. Next, we quantified the red fluorescent cell object
count to quantifypotential cell death overtimewhich did not significantly diér between the
transfected fibroblasts in the presence or the absence of macrophagps€F>18C). Therefore,
macrophages did not cause a decrease in the number of aggregate bearing fibroblasts. The fact that
the red signal slightly increased over tirmmeall conditions was indicative of cell division of the

mCherry cells, regardless of the presence or absence of macrophages.
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One possible caveat of this experiment was the mixed culture of untransfected and transfected cells
red calibrator cells all ofvhich were exposed to the transient transfection with Lipofectamine.
CKSNBF2NBsS y2i0 2yfeé 33INBILGS 60SFENRAy3a OSttas
These have to be considered as additional population in the culture. We plausibigesisat the
non-transfected cells may proliferate faster than the transfected cells. However, the quantification
of the red cell objects cannot distinguish between these two populations. It is possible
untransfected cells proliferate much faster and thieyecompensate for the decrease in red cell
objects triggered by macrophages. In our approach, we would therefore not be able to detect a

decrease in red object counts resulting from macrophage induced cell death.

To account for the potential effect mediatdoy proliferating cells, we used an alternative approach

to reveal whether the macrophages kill and subsequently phagocytose the aggregate carrying cells.

In these experiments we analyzed theadture by flow cytometry after different time increments
under coculture conditions up to 48 hours to detect macrophagediated engulfment of red
fibroblasts. If macrophages would engulf the aggregate bearing cells, this effect would be reflected
in the macrophage populations analyzed via flow cytometry. Thingyaif the double positive
macrophages is shown Figure 518D. As assumed, we were able to show macrophages engulfing
fibroblasts at the same rate, independent of the transfected construct. No significant difference
could be detected between the cellsatisfected with the GFP vector control and the cells
transfected with the protein aggregatdgigure 18D). These findings indicated macrophages did

not engulf the aggregatebearing celldut only removel the protein aggregates from the cells.

In summarywe could show macrophages trigger the removal of protein aggregates independent of
the aggregate bearing fibroblast cell line. Moreover, our results indidie removal of aggmgates

triggered by macrophages wanot mediated by the induction of cell déat
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Figure5-18: Macrophages do not appedo kill aggregate bearing cells.

A Schematioverviewof the overall experimental design. Fibroblasts weeeded 24 h prior to transfectioiCels were
transfected with GFP, thiuntington aggregate Htt97Q and artificialopgin aggregates. After 24 the cells expressed

108



Results

protein aggregates. BMDMs were added in a ratio of 10:1 ratio and tieeiltaore was imaged once every two hours for

48 hin an IncuCw live-cell imager. Green object counts and red cell object counts were recorded. The number of objects
was determined using the corresponding softwaB&uantification of the green fluorescent object counts of transfected
fibroblasts in single culture aco-culture with macrophage< Quantification of the red fluorescent cell object counts of
transfected fibroblasts in single culture and-calture with macrophagesdD FACS analysis of engulfment of red-iRlp
fibroblasts (and fibroblastlerived materia) by macrophages. F& CandD data are representative of three independent
experiments. All values are meahsSEM. Statistically significant differences were determined byvig ANOVA with
Bonferroni correction; ****p <0.0001;n=3 biological replates.

5.3.8 Macrophages do not induce lytic cell death to facilitate aggregate removal

The preceding expanents indicated macrophages didot trigger aggregate removal from
fibroblasts by the induction of any obvious cell death pathway. To further validate these results with

an independent approach we used a Lactate dehydogenase (LDH) assay. This technique assesses the
level of plasma memlane damage in a cell population. LDH is a stable enzyme, present in all cell
types, which is rapidly released into the cell culture medium upon damage of the plasma membrane
[353]. Measuring LDH levelsthe well detects all forms of lytic cell death. We compared LDH levels

in BaxBak DKO fibroblasts. These cells are disabled to undergo intrinsic apoptosis which-is a non
lytic form of cell death and can therefore not be detected in an LDH assay. Howeveaiready
excluded intrinsic apoptotis as potential underlying mechanism for aggregate removal triggered by

fibroblasts. Therefore, Bax Bak DKO fibroblasts are a suitable cell type to be used in an LDH assay.

To be able to compare cell death between iindual conditions, we calculated the cytotoxicity
compared to the positive control, provided with the assay. First, we compared potential toxicity of
aggregates on fibroblasts in fibroblast single cultures in the absence of macropkrages 619A).
Todetermine the toxic effect of the transfection itself, we included untransfected cells as a control.
The cytotoxicity in transfected fibroblasts was significantly higher compared to the untransfected
cells. However, the cytotoxicity did not significantlffet between the GFRector controland the
transfected protein aggregates. This indicated the transfection itself had a toxic effect on the cells.
The transfection with vectors encoding for protein aggregates nonetheless did not increase the

cytotoxicityeffect compared to the transfected GFP vector control.

Moreover, we compared the eoultures of aggregatbearing cells and macrophages. As additional
control, we added a macrophage siagulture to track the LDIklease resulting only from the
macrophags. The cytotoxicity did not significantly differ between the macrophage single culture
control and the various coultures. Moreover, the cytotoxicity also did not significantly differ

between the cecultures in the presence of macrophages and fibroblastssfected with
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aggreagate constructs or GFEctor control Figure 519B). These results suggested macrophages

do not induce lytic cell death to aggregate carrying fibroblasts.

Overall, these findings indicate protein aggregates are not significant toxic to fibroblasts than

the GFRvector control. Moreover, our results imply macrophages do not trigger aggregate removal
from fibroblasts by the induction of Iytic cell death. However, the LDH assay holds several caveats.
Even though quantification dfDH is a widely used assay for the determination of cell viability, it
has been shown to have low specificity and only diminished reproduciBifity, 355] Moreover, it

is limited to detect only lytic cell death, of which the best studied forms are pyroptosis, necroptosis
and ferroptosig356]. Apoptosis, as the best studied type of Agtic cell death is not covered by

this assay. The described experiment was performed in Bax Bak DKO fibroblasts, which are unable
to undergo intrinsic apoptosis. However, extrinsic apoptosis mediategathdeceptor activation

(i.e. extrinsic apoptosis via the Caspd@spathway and death receptor activation) can still not be
excluded as the underlying mechanism by which aggregates are removed from fibroblasts.

Therefore our resulprovide evidence that mcrophages do not induce cell death to fibroblasts.
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Figure5-19: Quantification oflytic cell death by LDH release.

Supernatant osingle and double culture was measd every 8 hours for #otal time incrementof 48 hours. The detected

signal from the single culture of transfected fibroblasts and thecwdture with macroplages was determined as
%cytotoxcity relativeto a positive controlA LDH was measured in transfected Bax Bak DK@bfésts in single culture.

B LDHwas measured in transfected Bd&8ak DKO fibroblasts in -@olture with macrophages in a ratio of 10:1
(macrophages:transfected cells). All values are méasEM. Statistically significant feifences were determined by

two-way ANOVA with Bonferroni correction; **f <0.001; n=3 biological replicates.
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5.3.9 Visualization of the aggregate removal by high resolution microscopy

The previous experiments pointed towards an active aggregate removal mechanism triggered by
macrophages but without killing the aggregate bearing cells. However, all pursued approaches, hold
certain caveats and therefore limit narrowing down the exact naeitm(s) responsible for the
aggregate removallherefore we wanted to visually follow this process at much higher resolution
using laser scanning microscopy. To do so, we needed aricadditabeled cell andenerated a

blue fluorescent reporter cellie using the Fhin system 4.5.1). In the experimental satp, these

cells were used as aggregdiearing cells. Further, we applied the green fluorescent Htt97Q
aggregates used throughout the whole study, and tdTorhatacrophages. Thus, we were able to
track the fate of the aggregates (green), the aggregate bearing cells (blue) and the macrophages
(red) over time. An issue we immediately noted in tracking theseutinires via microscopy is that

all cells in the caulture were motile. Thereby exact tidag is lost as soon as cells move out of
focus in Zirectionwithin the incubation period (26). Therefore, we recorded asfack of 22 layers

that was set to start at the very bottom and end at the very top of the cells for each time point. In
total we captured the height of 11 um. Merging alsiack images for each time point enabled us to
follow the whole cells and aggregates over time, even if they changed the focusing plane. The figures
below show representative individual aggregate removal evewver time (Figures-20). These
experiments indicated the following key features that were consistent with the overall results
presented herein: (1) aggregates were removed from the fibroblasts by the macrophages over time
as expected. In other words, aggate removal was mediated by the macrophages. (2) Even after
removal of the aggregate, the blue fluorescent cells did not disappear from the imaging frame,
indicating the fibroblasts were not killed by the macrophages upon aggregate removal. Therefore,
maaophages encountering an aggregdtearing cell detect and remove it via a Rlytic process.

To our knowledge, this phenomenon has not been described before. In several respects, aggregate
removal is similar to trogocytosis, where one cell nibbles orsbaeother cell. Distinct from
trogocytosis, however, is the scale involved: aggregates are massive compared to the small
membrane pieces removed by trogocytosis. To reveal the exact mechanism, by which the
aggregates are removed, further experiments arquieed and will be discussed in thésdussion

section.
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Figure 5-20: Macrophages do not kill aggregate bearing cells upon aggregate removal.

High resolution microscopy images of HBT3mTagBFP2ells (blue), transfected with Htt97Q aggregates (green}, co
cultured with tdTomatd macrophages (redn a ratio of 4:1 BMDMs:fibroblasts. The same imaging field was recorded
over time in 22 Atacks of 500 m distance from each other. Stacks were merged to generate a complete picture as cells
are highly motileand therefore did nostay in the same-Fayer throughout the experiment. For all séiguresA, B, and

Cthe same cells in one imaging fielcere folloved over timeevery 20 min for a total of 2B. The aggregates that were
removed by macrophages over time were highlighted by white arr@ealebars indicate 20 um.
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6 Discussion

6.1 Interaction of macrophages with senescent cells

Aging is characterized by a gradhaterogeneoudunctional declineacross multiple organ systentisat
eventually results in tissue dysfunctiokge isdefined as a risk factor fahe vast majority ofliseaseshat

carry a significant financial burden on healthcare syst¢da§], such as cardiovascular dised888],
osteoporosis, osteoarthritis[359], idiopathic pulmonary fibrosis IRF) [360], cancer [361], and
neurodegenerative diseas¢362]. Cellular senescendeas been recognized as a key biological process
underlying normal agin{8, 41]and the excessive accumulation of senescent cells with time contributes
to the pathogemsis of ageaelated and neurodegenerative diseaJ863]. However, cellular senescence
plays a dual role during development and throughout tissue repair and regener@in262] The
senescence response is widely recognized as a potent tumor suppressive mechaoéme it forces
potentially dangerous (i.e. oncogenicaltgnsformed) cells out of the cell cyc[@88]. Furthermore,
senescence camave detrimental consequences wheenescent cells delap alteredsecretion patterns.
Theseinclude changesn the tissue microenvironment anpgromoting tumorgeness [364]. One of the
most protumorigenic effects of the SASP is to promote the proliferation of epithelial cells, and thereby
promoting, amongst others, breast cand@65] and prostate cance366]. Moreover, seescent cells
secrete factors that can create a gradient to promote cell migration and invasion. For exarbpéast
cancer, high levels of-B.andIL-8 secreted by senescent fibroblasts are responsible for enhancing the

invasiveness of a panel of cancell lines in celtulture modeld367]

Regarding senescent cell accrual in agigh their protective versus detrimental consequences and their

effect on tissue functin have to be considered’he mairmuestiors that emergeare how senescent ceidl
arephysiologicallyemowed in healthy tissue angthy they donot getremoved in agedr diseased organs

We considered twqossibilities: (1dead senescent cells aremoved by macrophages (i.e. by corpse
recognition). (2) Death of senescent cells could conceivably be induced by different cell intrinsic or extrinsic
pathways. However, tree pathways are broadly inconsistenttiithe fact that senescent cell numbers

increase with agingSecondasd Sy $a 0S8y G OStfta | NB NBO2 dheshQiR | & aa
resist macrophagenediated removalT o address these two major questis, we developed highly defined

and robustin vitroco-culture systems to quantify the interplay between macrophages and senescent cells.

While senescent cells are refractory to any recognition/killing pathways possessed by macrophages, they
alter the ablity of macrophages to phagocytose bystander cell corpses. Thus, senescent cells reshape their

local environment, and modify macrophageediated tissue remodeling pathways. We found the key
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senescent cells and enforces transient suppression of macrophage efferocytosis. Aged tissues have defects

in corpse clearance likely increasing with longevity driding local inflammationMore specifically, we

showed senescent cells transiently paralyze macrophage efferocytosis. This impairment effect was not
mediated by an array of SASP molecules, but instead via direct cell contact by the surface receptor CD47
expressed on senescent cells. Genetic evaluation indicated CD47 as the driving factor for the impairment
STTFSOG o0& araaylrtAayda 20SNJ GKS /5nt1 NBOS|taiadky Lt wh
reducing macrophage phagocytosapacity Figue 6-1).

Phagocytosis

SHP-1/2 .

Figure6-1: Proposed model of how senescent cells impair macrophage functionality.

Increased CD47 expression senescent celimediates interactions A § K { Lwt h X 'y Ay KA omadrépiuBes NS OS LG 2
FYR 2GKSNJ Y&8St2AR AYYdzyS OSttaod 2KSy |/ 5 -rltphosphataseshatindibit L wt h =
phagocytosis via dephosphorylation of downstream mediators required for the engulfment process.

SIRPa
CD47

6.1.1 Analysis of macrophage furartiality in the presence of senescent cells

To evaluate, whether senescent cells gandulate macrophage functionality, we established a novel
in vitro co-culture assay to examine the effect of senescent cells on maage phagocytosis capacity in

its simplest form Macrophages were only able to interact with senescent cells over time, but not capable
of engulfing or killing themHigure 52; Figure 81). During lifecell imaging, senescent cellere observed

to be motile. They altered their shape assotime; thus, despite their large size, they moved within the
culture, which we were able to track using live cell imagihgcrophages were observed to interact with
the senescent cells (e.g. by crawling around and on top of the senescent cells), hothheyexere not

able to phagocytose thertiFigure 52A). Since senescent cells are much larger than macroph&igps ¢

5-1), we added high numbers of macrophages to the senescent cells to see if this would induce killing or
phagocytosis. Albeit increasedtios of 20 times more macrophages than senescent cells, no decreased
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numbers of senescent cells were present in the culture at the end of the aBgayd 52B). Thus,
macrophages dishot seem to be armed with a mechanism to kill or remove senescers akhe but

require an additional factor.

Due to the fact senescent cells could not be removed by macrophages, we wanted to decipher, whether
senescent cells could escape their engulfment by altering macrophage functionGakmyerally,
macrophages are @able of dead cell degradation and ingestion. This further applies to cell debris, tumor
cells and foreign materia[261]. Moreover, they are the cell type primarily responsible for efferocytosis,
the process of engulfing and eliminating apoptotic c4B80]. Therefore, we chose to read out
macrophage efferocytosis capacity to get an ideahaf influence of senescent celtsm macrophage
functionality Figure 53). Senescent cells were able to significantly impair macrophage efferocytosis
capacity independent of the means of senescence induction, indicating a global overall impairment effect
mediated by senescent celBigue 53C). The effect was restricted to the senescence phenotype and not
mediated by fibroblasts in generdFigure 5-3D) Moreover, the impairment on efferocytosis was
independent of the species of the apoptotic tardEtgure 53E) The molecular mechamiss of senescent

cellmediated efferocytosis inhibition are discussed in depth below.

6.1.2 Dispensable effects of SASP for macrophage functionality

We foundsenescent cells to alter macrophage functionality by mediating an efferocytosis impairment.
The SASP haegen shown to mediate many of the celktrinsic functions of senescent cdlif4]. Thus,

we hypothesized that SASP compats wae responsible for this effectThe secretion of SASP factors
which include numerous cell recruitment chemokines and immune survival fgdib§ is one of the
fundamental charactéstics of senescent cells. SASP triggers recruitment of immune cells to the site of
injury, a process implicated in the elimination of senescent [2918]. However, it is clear that despite this
beneficial function, SASP can also have detrimental consequ¢d68F This includes mediating the
GALINBIF RAY3IE 2F aSySaoSyOoS (2 y2N¥If ySAIKOo2NRYy3
the SASP can alsave immunosuppressive functioi869, 370Jand may contribute to inflammation
linked aging[371]. Therefae, we first considered that amltered senescencaecretome could be
responsible for the impairment effeof senescent cells on macrophage efferocytodigs Tid not turn

out to be the caseHigure 54). In a twofold approach using conditioned media from senescent cells alone
(Figure 54B) and separation of the cells using-adtures via transwelmethodologies, respectively
(Figure5-4D), we were able to show that soluble factors released from senescent cells did not impair
macrophage efferocytosis. Consequently, we inferred that the impairment resulted from cell to cell

contact, which has been shm as critical regulator of target engulfment by phagocy8#&2]. Contrary to
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the extended research in the field, where the SASP is held accountable for many diffketl with

senescent cells, we found SASP did not influence macrophage efferocytosis.

6.1.3 CDA47 as decisive factor for paralysis of macrophage function

The mechanisms by which phagocytes recognize targets is mostly mediated by direct cell [8di3act

This compriseswsface molecule signaling consisting®f NB Ol I Yy RY 3§ RW INKRJIOS NEr SF ZINJ S
2y GKS FLRLIG2GAO OSrtSté avdzNg ISONE X1 WR N&YR Z[F1@]iTheseldiy R 2 Y
signals include¢he coordinated activities of many molecular pathways in keeping with the key biological

role of debris and dead cell removal as opposed to phagocytosis of normal living cells. Therefore, we
examined senescent cells for the expressBrF RAFTFSNBY S ¢ aR2iyDOdASal 2y GK
YSYONI YyS® ¢RSEARZ2YSOAAISG / 5nT KIa 6SSy SEGSyargdsSte
[218]. Moreover, it has been showto interact with macrophages via its binding partner SIRRhen

/' 5n1T A& NBO2 3y hé SiRacedtol ma¢rapmayes, theiryabilily to effectively engulf, or
phagocytose other cells becomssbstantially impaired, and thus the cell expressing CB4iot killed

[304]. This property of the CD43IRP interaction is the basis for the development of a@iD47 therapies,

which are hypthesized to ihibiti KS & gOHGAAIY A& 2y YIfAIylyd OStft a
We therefore hypothesized CD47 interactiwith macrophages could providebasis for the impairment

effect of senescent cells on macrophage functionality. Indeed, senesmlst showed substantial
upregulation of CD47 on the cellular membrane compared to proliferating ¢égjaré 55; Figure 56).
Subsequently, we generated CDdé&ficient cells by CrisgLas9 engineering and induced senescence. By
comparing WT and CD47 Kénescent cells in efferocytosis assays, we found the impairment of senescent

cells was dependent on the upregulation of CD47 in the WT cells. CD47 KO cells were unable to impair
macrophage efferocytosisFigure 56B). Moreover, weobserved a stronger impranent effect on
macrophage efferocytosis capacity when macrophages were primed with senescent cells for a shorter time
increment of 6 hours. This effect was diminished during longer priming for 24 heigierd 56D). We

further evaluated whether thampairment effect of senescent cells on macrophage efferocytosis was
permanent or reversible over time. Our tvatep efferocytosis assay revealed the impairment effect could

not be sustained during overfeeding in the second efferocytosis. These findiloye tioe hypothesis of a
time-dependent impairment effect mediated by senescent cells. Our results suggest a transient paralysis
effect on macrophage functionality mediated by increased CD47 expression on senesc¢Rigreksso;

Fgure 82).

As the inpairment effectof senescent cells wadfecting macrophage phagocytogjkmbally, we wanted

to reveal whether it was also solely dependent on the increased CD47 expression on senescent cells.
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During therapeutic use of anoclonal antibodies blocking CD4vdancer therapy, it became clear that

/ 5nT O2dzxA R y2i 06BS4 KBA W e aRRWIDGK AST (3148 ThE ddNB & & SR
0KS RAAO02QOSNE 2 FSRRANNIYIFE aERs2gyCONGtudidg RD22 and D24 | £ A 3y
[235, 315] CD24 similar to CD4ihteracts withmacrophages, but viiis receptor Sigled0[314]. Genetic

evidence and observational studies in cancer models argued CD22 and CD24 are key complementary
pathways to CD47314]. Accordingly, we examined senescent WT and CD47 KO cells for the potential
dzLINB 3 dzf F GA2y 27F | t (S NBguré 38 F§uredER. 2nte@dgiinglweivereyrdtéabled A Ay I
to detect any addionally upregulat® G R2ywS&E &HARAY I f X ySAGKSNI Ay asSysao
Taken together, our findings indicate senescent cells, contrary to tumor cells, are able to impair

macrophage efferocytosis functionality solely by the upregulation of CD47 on the csildiace.

Snescent cells havaot only been shown to altemacrophage functionality by the release of SASP
molecules, which could not be confirmed in our-sgt Senescent cells have furthermore been shown to
alter macrophage phenotypeia SASP factarBifferent types of senescent cells have been demonstrated

to stimulate macrophages towards altered phenotypes. Senescent cells pridddidand 1E13), causing
macrophage polarization towards an airtflammatory M2like phenotypd374]However, senescent cells
have also been shown to release factors that skew macrophage polarization towards an inflammatory M1
like state[162]. We determined different efficiencies of the macrophage efferocytosis éydaqgeneral,
which seemed to be dependent enacrophage polarizatiof807]. This suggests that senescent cells can
elicit phenotypic changes in macrophages, which can carsdty affect macrophage functiofity
(Figure 57). Hence, we examined whether macrophage phenotype alterations would display different
susceptibilities to the impairment effect mediated by senescent cells. This turned out not to be the case
(Figure 57B) as senescent cells were able to impair macrophage efferocytosis independeng of th
macrophage phenotype. Despite previous studieswing thatmacrophage polarization could influence
efferocytosis efficiency, the impairment effect mediated by senescefis ¢n our seup was strong

enough to overcom¢he polarization impact.

Next, we investigated whether the impairment effect of senescent cells was restricted to
non-inflammatory efferocytosis. In general, the lack of a-pritammatory immune responsdistinguishes

the phagocytosis of apoptotic cells from the phagocytosis of bacteria or necroti¢3¥lls Cell death is
vital to the homeostasis of tissug375]. It assures that cells triggered to die will cease to function and are
cleared in an orderly manner. Many of these cells die in a cell autonomousemand will subsequently

be removed withoutinflammatory consequencf876]. In contrast, when bacteria and necrotic cells are

recognized, they dmnce proinflammatory responses of activated macrophd@8@g]through activation
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of pattern-recognition receptors such as tdike receptors (TLRs), Ndike receptas (NLRs), and-t@pe

lectins (CLECSs), amongst othg89]. Recognition and subsequent engulfment of apoptotic and necrotic
targets occurs by distinct and noncompeting mechanid®k0, 378] We examined whether the
impairment effect of senescent cells on macrophages would differ when targets, causing- a pro
inflammatory response, were used as phagocytic prey. Therefore, we compared the influence of senescent
cells on macrophage phagocgis of apoptotic and necrotic corpses, as well as bacté&igufe 57C).
Perhaps wgrprisingly, the impairment effect of senescent cell seemed to be globally regulated and
independent of the phagocytic target, thereby influencing both-pamd noninflammatory phagocytosis

pathways. Moreover, the impairment effect was globally recovered in the senescent CD47 KO cells.

6.1.4 CDA47 mediates a transient paralysis effect on macrophage functionality

We continuedo follow the CD47 signaling pathway from the senesoaiis to the macrophage§igure

5MnO0® {Lwth A& KAIKEe& SELINBaasSR 2y (KS adNFIFOS 2
granulocytesmonocytes and myeloid dendritic cel®34, 379, 38Q]It inhibits their activation to perform

phag O8 i2arAad ¢KS AYUNI OSf t dzf | NJ R2 Y I-baséd ighibitioh matifs h 02 y (
(ITIMS)[236]r 6 KAOK O2yFTSNJ Ala LINPLISNIASAE a |y AYKAOAUU:?
phosphorylation of the intracellular ITIMs and activates the inhibitory phosphat8s#d and SHR

[381]. The SHP phosphatases have a multifactorial role in negatively regulating inoellaetivation

including dephosphorylation of proteins containing immunoreceptor tyrofiased actiation motifs

(ITAMs)381, 382] This eventually results in the inhibition of phagocytosis via downstream mediators.

Impeding the interaction of macrophages and senescent cells via the-CD4®%t " | EA & 6 & & dz
I OKAS@SR 0@ (KS | RaRtibdiiasFifure25H0B){ Thenimpairmént efféxi megiaied by

senescent cells on macrophages was restored upon addition of the blocking antibodies. These findings
were consistent with the experiments in which CD47 KO cells were used. We next went ocktth&ra

signaling axis to a potential activation of the SHP phosphatases. We quantifiedr8etBitment to the

macrophage cellular membrane as a consequence of the €O4Wwt h A yFig@e\EL0Q Figuge ¥3). 0

Coculturing of macrophages with senest@NT cells resulted in a quantifiable accumulation of -&H#®P

the cellular membrane of the macrophagdésgure 510E). These findings confirmed the hypothesis that
increased expression of CD47 on senescent cells lead to the impairment of macrophageytftis

OF L) OAGe @Al aradaylrtAiAy3d GKNRdAzZAK { Lwt -1 phosphitaska&isol2 (1 K S &
in our system, which eventually negatively regulated the phagocytosis capacity of macrophages.
Moreover, we were able to confirm the previoysuggested transient nature of the impairment effect

mediated by senescent cells. The transient impairment was also displayed -h &¢Bmulation in the
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macrophages. The highest quantifiable SH&ccumulation could be detected after a shorter primirig o
macrophages with senescent cells for 6 hours. The accumulation was diminished after 24 hours, and no

SHP1 recruitment to the membrane was observed after priming with CD47 KO cells.

We therefore suggest this transient inhibition is a consequence of thdig properties of CD47 and
{Lwthd 9QEGSYaArdS oAz2LIKearMAlvit hOKAyNT ONIFSONRA 2yl ARIVE 2
AyOf dzRAYy3d ONBA&GHEE2IANILIKAO Fyltfteara 2F GKS SEGNI O
[383,384]. SOF dzaS 2F (GKS ylI GdzNI £ & 2 OO0dzNNdicyomolar ange | FFA Y
[385](~1>a I F[ISByWTj & wt P gl & OKIF NI OGSNAT SR +Fa I 6SIF1 04\
the fact that phagocytosis cannot be inhibited strongly in a permanent mgBgér 387] The low affinity

2F {Lwth F2NJ /5nT1 YIe& O2y(iNROodziS (2 GKS 20aSNISR
senescent cells. The increased expression of CD47 documented here does not seem to sufficiently
overcome the weak interactiod SG6SSy /5nT1 (2 {Lwthod ¢KS 6SI 1 0AYR
molecules may explain why senescent cells were only able to strongly impair efferocytosis for a shorter

time increment of 6 hours. We hypothesize the binding was already limited afteigaddime increment

of 24 hours, and therefore the observed impairment effect was consequently also diminished

6.1.5 Potential for future therapeutic development

In future approaches, the properties of CD47L wintéractions between macrophages and senescent
cells will be further characterized. This includes the analysis of proliferating fibroblasts, which should be
added as additional control to reveal the role of CD47 for the transient impairment effect. Proliferating
cells have been shown to impair macropbagfferocytosis at extremely high numbefBigure 8-4).
Whether this was due to nutrient limitation, or due to CD47 impairment resulting from accumulation
effects of high cell numbers remains to be determined. However, this is technically challengirgtiee t
differences in growth rates across experiments. Moreover, the accumulative effects of CD47 could be
examined by adding high titrations of proliferating cells and further tracking-ISH€&umulation on

macrophages.

For CD47 being highly exgsssed notonly on senescenbut also on tumor cells, therapies targeting the
/I 5nTk{Lwth IEAE aK26SR 4dz00SaaSa Ay LINBOtAYyAOlIt ic
solid and hematologic malignanciggluding norHodgkin lymphoma, acute lymphoayteukemiaand
multiple myeloma[388-390]. Consequently, the CD47L wt h | EA& KIF& SYSNASR |
immuneoncology. CD4A Lwt h  6f201Ay3 LISLIWARSa | NB-mddiatgd2 | 6f S

ax

phagocytosis and immune response in cancer immunotherapy and have been proposed to synergistically
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complementcancer immunotherapy by enhancing the effects of irradiafi@@l]. These peptides are

being optimized to enhancanticancer effect§392]d . £t 201 Ay3 GKS /5nTtk {Lwth [
applied to several other diseases. CD47 blocking antibodies have been shown to successfully restore
phagocytosis and prevent atherosclerof#®3]. Moreover, CD47 blocking antibodies were shown to
accelerate hematomeaclearance and alleviate shernd longterm brain injury after intracerebral
hemorrhagg394]. Anti-{ L wantibodies benefit from more restricted expressior3IR hn myeloid cells

and could therefore have more favorable pharmacokinetic and toxicity prg8@s). Ly I RRAGA2Yy T {
blocking antibodies have been shown to induce phagocytosis of tumoi@@8is The binding properties

2T 020K /5nT1 | YR [d9T] wendering tNdh adrsuiRtletcarididates for treating the

impairment effect of senescerklls on macrophage efferocytosis.

It is remarkable that CD47 KO mice are viable and do not exhibit any strong phenotypes, such as massive
accumulation of unwanted cells and autoimmunit§98]. In part, this could be due to redundant
mechanisms to suppress phagocytosis; proteemige analysis identified more thatOO0 human ITIM
containing receptor$313]. Consequently, therera more ligands tharust CD47, thatpon binding lead

to phosphorylation of an ITIM, which in turn leads to the recruitment of a protein tyrosine phosphatase
and consequently resudtin the negative regulation of immune cell activation and phagocytosis,
respectivel\{399]. Theplethora of various signaling options, negatively regulating phagocytosis limits the

potential usefulness of arttD47 drugs.

6.1.6 Giant macrophages provide the potential to remove senescent cells

Multinucleatedgiant cells of mononudear phagocyte origin are callgadlykaryonsandare seen in various
pathologic states including infection, foreign body reactions, cancer, and other conditions of unknown
causes such as sarcoidosis and rheumatoid artHat®€, 401] Moreover, they have been shown to
accumulate irtissue surrounding total joirdrthroplastieg402]. The factordnvolved in the formation of
polykarons are not completely understoaand ther function for various pathologic and physiologic
settings is not knownA recent study found that polykaryons phagocytosed their target less avidly than
unfused macrophages. However, polykaryons were remarkably more competent in the uptake of large
particles[327]. Thee is strong evidencéhe main characteristic of polykaryons is the uptake of large
particles, which unfused macrophages are not capablélnis we wanted to reveal whether polykaryons
would be able to phagocytose senescent celtighese aranotably lager than normal cells. This dramatic
increase in size may be causing the lack of engulfment and thereby resulting accumulation of senescent

cells within aging.
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We were able to observe that polykaryons are indeed capable of phagocytosing senescent @ells in
guantifiable mannerKigure 511A/B).However, the polykaryons used throughout our study did not seem
to selectively determine a suitable tagbut appearedo have highly phagocytic properties under any
circumstances(Figure 511C) This caveat of oumn vitro system has to beconsideredfor further
approachesMoreover, compared to the rapid process of efferocyt¢4i3], the engulfment of senescent
cells was observed as a rather slow process, which may result from the compamgiresiyent metabolic
activity of polykaryons(Figure 511D/E) Our data isin line with previous findingd327]. Giant
multinucleatedcells have been examined for their properties to contribute tmogleling in regards to

fracture repair and diseaqdd04]. However, whethepolykaryons ee suitable for therapeutic applications

regarding tissue homeostasis and wound healing in the context of senescence needs to be revealed.

Further, whether they can be induced in an organism to successfully remove senescergmallss to be

investigated anaequires an analysis of the phagocytic capacity of polykaryonsimamosystem.

Taken together, we have showthat senescent cells were able to escape the engulfment by unfused
macrophages. Moreover, they were able tagair macrophage functionality, by diminishing macrophage
efferocytosis capacity. The impairment effect wa®t mediated by the array of SASP molecules, but
instead by direct cell contact with increased CD47 expression on senescent cells. Our genettimavalu
indicated that CD47 was the dominant factor fbe impairment effect. Indeedsenescent cells were only

able to transiently impair macrophage functionality. We could further track the transient paralysis on
macrophages signaling in macrophages tia Svh 60 G KS / 5n 1 NB OS LJi4,Mhbichl y R
transiently reduced macrophage phagocytosis capaEilythermore, even though unfused macrophages
were not able to engulf senescent cells, our findings indicated that due to the size differeaoés gi
senescent cells seemed to require a giant phagocyte to enable their engulfment. We were able to
demonstrate that giant multinucleated macrophages (polykaryons) were able to engulf senescent cells.
However, therapeutic applications to block the inteiiaots between macrophages and senescent cells, as

well as the removal of senescent cells by polykaryons require fumhévostudies.
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6.2 A novel system to study the removal of Huntington aggregates

As described prewsusly in this thesisaging is associated with physical deterioration that leads to an

increased risk of disease and ded#05]. Moreover, it is the primary risk factor for most
YSAdzZNEPRSISYSNI GAPS RAASIASAXE AyOfdzZRAY3 I dzydAy3Adzy
of aging are also haharks of the pathology of HD and processes that dedunéng aging also

decline at a more rapid rate in HD, further enhancing the role of aging in HD pathoggttégis

Few to 1o effective treatments are available for age related neurodegenerative diseases, which tend

to progress in an irreversible manner and are associated with large socioeconomic and personal
costs[240]. To develop successful intentions, it is important to consider the basic mechanisms

of aging and their role in the onset and progression of neurodegenerative difa3e

The accumulation of protein aggregates is a common pathological hallm&rkmany
neurodegenerative disorders, including IFE30]. In case of HD, the protein aggregates eaased
by a CAG triplet repeat expansion in tentingtin (HTT gene HT Twas first mapped to a specific
chromosome in 1983 by James F. Gusella and colleagues, who determined-amsddiated
restriction fragment length polymorphisid07]. This translates into a polyglutamine (polyQ)
repeat, immedately following he first 17 amino acids of thauhtingtin protein (Htt). PolyQ repeats
in the disease range (37 repeats) yield Htt more susceptible to misfolding. Consatipethe
formation of Htt aggregates in cells and neur@488, 409] leads to dysfunction and death in the
caudate and putamen, and the cerebral corf@d0]. To date, we do not fully understanthe
mechanisms underlying protein aggregatidrow aggregates are cleared, bow other cellular
proteins are involved in the fornti@n and clearance process@$ll]. Understanding how these
aggregates form and assessing their impact on neuronal function will contribute to the

development & therapeutic targets to prevent disease progression.

The diagnosis of neurodegenerative disorders is problematic due to the fact that even though they

Oy 06S oNRBIFIRfe& OflaaArAFASR 6& GKSANI Ot AyAOlf LINBa
majority presents mixed clinical features, with extrapyramidal and pyramidal movement disorders

and cognitive or behavioral disorders being the most comn@i?]. The current diagnostic

standard is neuropathological evaluation at autopsy, providing the keyuriderstanding

discrepancies between clinical and pathological diagnogds, 414] However, the exact

contribution of aggregate inclusions to pathology remains poorly characterizedully elucidate

mechanisms of disease, it is essential that new and robust model systems are developed and

verified, since the current ones afeld clearlimitations [415]. While cell culture models have
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pivotal roles in understanding pathways and maetions, animal models allow thsetudy of
neurodegenerative diseasan a systemimanner, although they are inaccurate representations
human pathology416, 417] In comparison to humans, the lifespan of rodents is limited and results
in substantial practial, biological and cost limitations on the ability to study-agpendent effects.
Furthermore, given the difference in brain size between rodents and primates, many rodent models
are not ideal for studies involving medical devétdivered drug4418]. The availability of newer,
faster cell culture systems offers hope we will soon be able to closely mirror the disease in a petri
dish. Advancing our understdimg ofthe basic biology and pathobiology of protein aggregation
[419, 420)will pave the way tavards personalized medicine enhancthg probability of success of

future clinical trial4421].

6.2.1 Analysis of pathogenic aggregate removal by macrophages

To this day, no drugs have been shown to efficiently treat any neurodegiredisease, including

several multibillion euro failureqd422, 423] Even though removal of protein aggregates has not

only been approachedybpharmacological interventions. Previous studies attempt to use the

potential of phagocytes to trigger aggregate removal. Macrophages were shown to play an active
phagocytic role in removing alpka @ y dzO {S8NCY aggreyates that accumulate with aglen

neural circuitry of the guf265]. Macrophages adjacent to dystrophic terminal processes were
ag2ttSy FyR O2yidl Ay SR BY¥NCdaatth& dverd rotfableIdelingingatg &l A y a 2 f
aggregates or their precursors from the healthy aging gastrointestinal (Gl) tract. This indicates that

the phagocytic response of local macrophages was insuffif2é&ai. Another study demonstrated

that clearance oamyloidi LISLIJAARS 6! i 0 F33INB3IFGSasx | 3a20AF 0SSR
not solely the task of microglia. Macrophages recruited from the periphery also participate in

removing hese aggregates from the brailmmunohistochemical studies of the frontal lobe and
hippocampus of AD patients showed infiltration by bldmatne macrophageq4337]. These

O2y il AYSR AYUNIOStftdA NI i3 K2SOSNE O2YLI SGS O
contrast, control monocytes displayed excellent differentiation into macrophages followed by

AYGNI OSf fdzf I NJ LIKI 3208(G2aA4a 2abatioh [337]SIatiyyingldzl £ £ &  NB
Y ONRLKEF3ISa Aaz2fFGSR FTNRY (GKS o6t22R 2F !5 LI GASy

from unaffected individual§337].

None of these studies has been implemented to reveal the potential importance of macrophages
for HD. Therefore, we aimed to develop a cellular model to examine the interplay between

macrophages and Htt aggregabearing cells. Although HD primarily affedtse brain, Hit
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aggregates have been found to also cause detrimental effects in different peripheral cells and
tissues[331]. Several peripheral organs are considerably affected and their peripheral symptoms
may in fact manifesbefore those resulting from brain patholog$31]. Mutated HT Tcauses global
accumulation of intracellular protein aggregates. This results in the impairment of energetic
metabolism, transcriptional deregulation and hyperctivation of prgrammed cetdeath
mechanismg333], which have been extensively studied, in fibrobld8&2-334]. HD fbroblasts

have been showto manifest cellular dysfunctions similar to neural HDsqdR4].

The study of peripheral cells may yield important insights that eventually shall help to convey HD
pathology from a cellular model to what occurs in the brain. Therefoeegeveloped a novel cell
culture approach to study the interaction between aggreghgaring fibroblasts and macrophages
(Figure 512). We found fibroblasts tolerated the aggregates and did not die in the culture period.
Most significantly, macrophages trggd the aggregate removal from fibroblasts in a time
dependent mannerKigure 512C Figure &). The decline in aggregates was proportional to the
added number of macrophages; the higher the added number of macrophages, the greater the
aggregate removaffect Figure 512D). A limitation of the system was the transient induction and

expression of protein aggregates in the fibroblasts.

In our initial experimental satip, protein aggregates were induced via transient transfection using
Lipofectamine. Howeer, the use of Lipofectamine has been shown to cause stress in the transfected
cells, which may result in gene expression changes and thereby may cause unpredictable bystander
effects [425]. For this reason, we generated stable cell lines where protein aggregatien wa
exogenously induced by dosycline(Figure5-14). The Htt inducible cell line showed expression of

Htt aggregates over time and therefore enabled us to study the removal of protein aggregates
triggered by macrophages in an alternative setting. Indepehdéthe way protein aggregates were
induced in fibroblasts, macrophages triggered their removal over tifigpife 514D). We concluded

we had established a stable sep to study the process of protein aggregate removal to reveal the

underlying mechanisms

6.2.2 Deciphering the underlying mechanisms of aggregate removal

The surface of phagocytes suchmacrophages is equipped with wide range of molecules for
recognitionand decoding of their cognate ligands. These ligands are expressed on the surface of the
potential target to eventually trigger the engulfment dfostderived and foreign particles

Receptors either directly recognize the particle or recognize targets coated in opsonic molecules
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[373]. This leads t@learance of the target either by phagocytosis for, soluble molecules, by
endocytosig426]. Endaytosis is a cellular process in which substances are brought into the cell
[427]. The material to be internalized is surrounded by an area of cell membrane, which then buds
off inside the cell to form a vesicle containing tingested material. In addition, endocytosis has
been shown to require direct cell contaet28]. According to the liteature, macrophages trigger
aggregate removal by direct cell dant. Thus, we wanted to revealhether this was also true for

our system and we performed our assay in a transwellgefFigure5-15), where direct cell contact

was prohibited. Spatial sepaion of the two cell types resulted in a lack of aggregate removal,
indicating that macrophages required direct cell contact to trigger aggregate removal from

fibroblasts.

To better understand the mechanisms by which macrophages are able to triggegatggremoval,

we wanted to reveal, whether the aggregdtearing cells would transmit bystander effects to a
neutral cell in the system or whether macrophages would also recognize thagunegatebearing

cell via bystander effects. To do so, we adde®&tNR & Ol f A NI G2NE Qfft {2
(Figure 516). Thereby we intended to reveakhether aggregatédearing cells would show
bystander properties like other diseased cells, for example in cancer m@agiser cells have been
demonstrated to elease signals, which can infhee nearby cells namely thwystander effect. The
transmission of bystander effects among cancer cells involves the activation of inflammatory
cytokines, death ligands, and reactive oxygen/nitrogen spg4R3. Once they have been activated

by contact wih apoptotic tumor cells, macrophages have been shown to recognize and engulf non
apoptotic bystander tumor cellg346]. We therefore wanted to disclose, whether the agggte

bearing cells would transmit bystander effects to the calibrator cells in our system and whether
macrophages would also recognize these calibrator cells as target via bystander effects. Moreover,
we wanted to reveal, whether the calibrator cells idimpair the ability of macrophages to trigger
aggregate removal. Surprisingly, neither the calibrator cells were able to influence the efficiency of
aggregate removal from the aggregdtearing cells (Bure 516B), nor did the aggregateearing

cell induce bystander killing of the calibrator cellggure 516C). The process of aggregate removal
triggered by macrophages was shown to occur in a very directed and specific way as it could not be
manipulated by the addition of a calibrator cell line. We weog able to observe bystander effects
mediated by any of the cell lines impairing the specific macrophage function. These findings

suggested that macrophages target the aggredataring cells in a very specific way.
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A major function ofmacrophages is theemodeling of tissues, which can be pursued by the
engulfment of apoptotic targets but also more actively through the induction of programmed cell
death[430]. In order to decipher how macrophages trigger the aggregate removal from fibroblasts,

a central question was whether macrophages triggered aggregateveainy active killing of the
aggregatebearing cell.Fibroblasts lack the molecular machinery for inflammasenesiated

caspasel activation and pyroptosig47]. Active killing via ferroptosis was assumed to be unlikely

as the cell culture media is replete with cysteine and no ferroptiosiacing agents were present.

Thus, we hypothesizedhé aggregate bearingells could be killed undergoing instrinsic
mitochondriatmediated apoptosis. We therefore used BBak DKO fibroblasts as aggregate

bearing cells. These are disabled in undergoing intrinsic mitochomdediated apoptosis[348]

(Fgure 517). However, as the efficiency of aggregate removal was not influenced in thp sstng

Bax Bak DKO cells, we concluded that macrophages did not trigger aggregate removal by the
induction of intrinsically mediated apoptosisFigure 517B). Invetigating other possible

mechanisms by which macrophages could trigger aggregate removal, autophagy emerged as a

major clearance pathway for toxic protein aggregates in recent literature. Autophagy receptors have

been shown to play a critical role in aggagg clearancg431]. A newlydescribed pathway for

ingestion of large particulate structures is termed {a88ociated phagocytosis (LARL3]. LAP

provides anovel function for autophagy proteins and is a contributor to immune regulation and
inflammatory responses across varoaoell and tissue types. Characterized by the conjugation of

LC3 family proteins to phagosome membranes, LAP uses parts of the canonical autophagy
machinery, following ligation of surface receptors that recognize a variety of cargos including
pathogens,pd K2 3Sy aakKStfaé¢ tA1S Teavyzalys Ref3yga OStfax
Engulfment of particulates via TLR, PtdSer, and FcR, respectively, triggers recruitment of the

wdzo A O2ynO2y il AyAy3a /[ flada LLL t teg¥ged(pBagdsim8E (2
6a[!'t2a2YS¢0d wdzoAO2y | faz2 oAy Rdce RG¥32Jandliso At AT Sa
required for the formation of the LAPosome, where the target is eventually digd3&@]. We

therefore hypothesized that the proteimggegates activate LAP in the macrophages, consequently

triggering the removal of protein aggregates in fibroblasts. Macrophages lacking Rubicon, are
disabled in undergoing LAP and were added to the aggrdusaeng cellgFigure 517D) However,

Rbcn- KOmacrophages weralsostill able to trigger aggregate removal from fibroblasts, indicating

that aggregate removal is also not mediated by autophagaytor LAP in particular.
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There is a plethora of possible underlying mechanisms regarding different types of cell death and
various types of phagocytosis but testing them all, using candiskelective approaches, is
unfeasible. Instead, we decided to move on revealing, whetheagggegatebearing cells die at all

upon aggregate removal; following which, the aggregate and cell debris would be elimiBgted.
tracking the fate of the fibroblasts in parallel to the aggregates over time we wanted to disclose
whether macrophages woulkill the aggregatédearing cellsKigure 518). We were able to show

that the aggregatébearing cells stayed the well, independent of the presence or absence of
macrophages and independent of bearing aggregates or the vector control. Our data suggested, th
aggregatebearing cells would not be killed at all by macrophages. Hewekie experimental set

up hadlimitations, as it could not compensate for the influence of a+tramsfected and therefore
non-aggregatebearing population in the saip. To furthe validate these results with an
independent approach, we perfomed an LDH asBiyu¢e 519). This technique assess the level of
plasma membrane damage in a cell population. Lactate dehydrogenase (LDH) is a stable enzyme,
present in all cell types, whidh rapidly released into the cell culture medium upon damage of the
plasma membrang353]. Measuring LDH levels is limited to detect only lytic cell death, of which the
best studied forms are pyroptasi necroptosis and ferroptos[856]. Apoptosis, as nalytic cell

death, is not covered by this ass@y/e compared LDH levels in BaxBak DKO fibroblasts to exclude
non-lytic cell death in single culture and-calture with macrophage@-igure 519B). No substantial
differences in LDH release could be determined between the-v@&®r control, which is not
engulfed, and the protein aggregates. Therefore, our findings suggest that macrophages did not
trigger aggregate removal from fibroblasts by the induction of any form of Iytic cell dehéhLDH
assay holds several caveats. Even though quantification ofid BMidely accepted assay for the
determination of cell viability, it has been shown to have low specificity, and only limited
reproducibility[354, 355] Extrinsic apoptosis mediated lleath receptor activation (i.e. extrinsic
apoptsis via the CaspaSepathway and death receptor activation) can still not be completely
excluded as the underlying mechanism by which aggregates are removed from fibroblasts.
Nevertheless, our results indited that macrophages do not induce cell death to the aggregate

bearing cells.

Lastly, we decided to visually follow the process of aggregate removal by tracking the fate of the
aggregatebearing cell, the aggregates themselves and the macrophages viadsiglution laser
scanning microscop¥igure 520). These experiments indicated the following key findings that were

consistent with the overall results presented herein: (1) aggregates were removed from the

129



Discussion

fibroblasts by the macrophages over time. Cansently, aggregate removal was mediated by the
macrophages. (2) Even after removal of the aggregate, the blue fluorescent aggoegaitey cells

did not disappear from the imaging frame, indicating that the fibroblasts were not killed by the
macrophages pon aggregate removal. These data were consistent with the absence of obvious cell

death as discussed above. Therefore, we suggest that macrophages encounter an aguygagate

cell and eventually detect and remove the aggregate via alytimprocessTo our knowledge, this
phenomenon has not been described before. In several respects, aggregate removal seems to be
AAYATINI G2 dGNRp3I20eG2aras 6KSNB 2yS OStt aoAidSac

6.2.3 Transferring the cell culture model to a neuronal system holds severalxaveat

Even though we were able to develop a robust and highly reproducible cell culture model to study
Htt aggregate removal, we wanted to transfer it to a neural setting to expand the scope of our study
to a more natural scenario. As professional phagocytésarCNS, microglia play important roles in
synapse elimination and clearance of cellular debris during development and difE&&e
Moreover, they are capable of the internalization of protein aggregfd88]. Correspondingly,
microglia adopt similar tasks as macrophages by performing phagocytic clearance following injury.
For that reason, they are important for tissue repair and regeneration in the pta#4j. We directly
conferred our cell biological satp to a neural setting with cortical neurons as aggredsgaring

cells and microglia as phagocyté&sgure 513). Even though Htt aggregates have been associated
with neuronal death, their general toxicity for neurons is coneially discussed in literatufé35,

436]. The neurons in oun vitrosetting, showed a lower capability of tolerating protein aggregates
than fibroblasts Figure 513B). Despite their phagocytic properties, in our setting ngjiaodid not
engulf the protein aggregates, but instead enhanced aggregate stability in neurons over time
(Hgure 5-13C Figure 8). For some neurodegenerative diseases, macrophages have been shown
to be more effective in the phagocytosis of protein aggtes than microglifd37]. Therefore, we
applied macrophages as potential phagocytes to the neuronal setting. However, macrophages did
universally attack neurons, independent of the presence or absence of protein aggrefgigia® (
5-13D). In summary, the seip including primary @urons turned out to be unsuitable for the
purpose of determining the mechanisms of Htt aggregate removal in a cell cirtuigo model.
Despite the facthat our system was not applicable to a neuronal setting, we were able to gain more
insights in theunderlying mechanisms of aggregate removal in thecuiture system with

fibroblasts and BMDMs.
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6.2.4 Potential mechanism and future perspectives

One plausible mechanism, by which macrophages could trigger aggregate removal from fibroblasts
is trogocytosis (frm Greektrogo, meaning 'nibble’J438]. To our knowledge, this has not been
approached in the context of aggregate removal so far. Trogocyw@sisdescribed as a process in
GgKAOK 2yS OStt LKearaoOltte SEGNIOGa | yRthasy3aSaida «
been documated in T, B and natural killer cells bathvitroandin viva Thus, this process may be
important in the induction and regulation of immune responses, and possibly in the control of other
cellular systemg439]. Macrophages are also able to interact with neighboring healthy cells via
trogocytosig439]. The purpose of trogocytosis is poorly understood, ibis thought to help the

host to develop immune responses against microbes and tufddi@]. Trogocytosis occurs when

two cells form a transient interaction during which the membranes appear to fuse. The cells
eventually separate, with each participant cell having acquired plasma membrane components from
the partner cell. The transferred membrane proteins retain their orientation and their function until
they are recycled via normal membrane turnoy440]. In certain mouse tissues, more than half of

the cells have undergone detectable trogocytosis at any given f{d#dd]. In immune cells,
trogocytosis leads to a variety of acquired functions that likely impact infection and immunity. For
example, trogogtosis improves T cell signaling in response to antigens and enables activation of T
cells by dendritic cells after acquiring antigens from neighboring [@l& 443] Trogocytosis has
been implicated as ecritical factor in several pathologies including cancer biology, tissue
engraftment, and vaccination efficaf444)]. The process can occur without the transfer of cytosolic
material [445], but it is unakar if the presumptive transient membrane fusion that occurs during
certain types of cytosolic transfer also results in trogocyti@ie]. We were able to show, especially
using high resolution microscopy, that the aggregagéaring cells stayed intact and alive, even after
the removal of the aggregates. Thus, we hypothesize the underlying mechaargs from any

form of death induction and subsequent phagocytosis of the cell dg#46]. Moreover, this
excluded entosis, as neapoptotic cell death mechanism. Entosis involves the invasion of one live
cell into another, followed by the degradation ioternalized cells by lysosomal enzymes. Thus, it

could be excluded as potential mechanipf7].

We suggested macrophages trigger aggregate removal via a trogoeljkesmechaism for the
following reasons: Trogocytosis contrasts with phagocytosis, where one cell ingests another cell in
its entirety [446]. Moreover, trogocytosis requires direct contact between living ¢é48], which

we could demonstrated in our transwell sep. Trogocytosis has been described as a process for
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the transfer of intact proteins[449]. The performed high resolution microscopy suggests
macrophages take up the aggregates from fibroblasts, internalize them and subseqdigety
them. Recent findings fromther lab members also supp this hypothesis. Sophia Madler was able
to confirm previously described membrane encapsulation of the protein aggref26&$in our

system Figure 62). This encapsulation could facilitate the process of trogocytosis as it may present

the aggregate to the macrophage.

Figure6-2: Membrane encapsulation of Htt aggregates

High resolution microscopy imagesfofed teton Htt94QCFP fibroblasts. The same imaging fieésrecorded in 25 Z

stacks of 6.3 um distance from each other. Stacks were mergegérierate a complete picture. Cell membranes ever

stained with CellMask (red), aggregates are fused to CFP (green) and nuclei were stained with DAPI (blue). The membrane
surrounding the Htt aggregate is highlighted with a dotted.lBealebar indicates 25um. Unpublished data generated in
collaboration with Sophia Madler (MPI of Biochemistry).

Debatable, however, is the scale involved: aggregates are mbsbiggercompared to the small
membrane piecesisuallyremoved by trogocytosigl46]. To reveallie exact mechanism, by which

the aggregates are removed, further experiments are requirdecific, global inhibition of
trogocytosis, neither by genetic nor pharmacological approaches has been successfulesefaf. S
approaches were aiming to inhiliitogocytosis in multipleell types,ncludingmacrophage$445,

450, 451] Effective inhibitor treatment may reveal, whether macrophages trigger aggregate
removal via trogocytosisr a trogocytosidike mechanism. ithanced tractability of the fate of the
aggregate could yield valuable information about the underlying mechanisms of tiregage
removal. Being able to track the aggregates also after engulfment by the macrophages- via pH
sensitive fluorescent labelling52] would help to revealwhether macrophages eventually digest

the aggregates in lysosomes.

Taken together, in this projegte present a novel cell culture system to exae the removal of Htt
aggregates from fibroblasti& vitro. We were able to demonstratdhat macrophages specifically
trigger the removal process. These findings were supported by the fact that no bystander effects
could be detected. Specifity, neither did the aggregateearing cells trigger the additional

clearanceof neutral calibrator cells, nor did the calibrator cells interfere with the aggregate removal
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efficiency. Moreover, our results indicate that macrophages do not trigger aggregeieval by
killing the aggregatdearing cells. In this sense, we hypothesize the aggregates are eehfoyva
trogocytosislike mechanism. However, this hypothesis remains to be confirmedfubyre

experiments.
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8 Appendix

8.1 Interaction of macrophages and senescent cells
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Figure8-1: Peritoneal macrophages do not engulf senescent cells.

SenescenMEFs, isolated from actinGFP mice werecgtiured with peritoneal macrophagesolated from tdTomato
mice, in a ratio of 10:1 macrophagds senescent cells and imaged over 48 ho@sen fluorescentarea signal of
senescent cellsvas quantifiedin the coeculture with different ratios & macrophagesData are representative of two
independent experiments. All values are me&nSEM. Statigcally significant differences were determined by tway
ANOVA with Bonferroni correction=3biological replicates
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Figure8-2: Data for single efferocytosis can be obtained from double efferocytosis kesm

BMDMs were primed witlsenescent and proliferatingellsfor 6 or 24 hours. ACs were labelled with PKH26 (red) and
added to macrophages in a 5:1: ratipatwo-step (double) efferocytosis assaéyamples were subsequently analyzed by
flow cytometry.BMDMs were selected for expression of F4/80. The BMDM population was analyzed for the population
of macrophages having engulfed ATse data for the single efferocytosis, or the first step efferocytosis, was not obtained
from individual samples, where orgjngle efferocytosis was performed, but from the samples where double efferocytosis
was performedA Quantification ofsingleefferocytosis of ACs by BMDMs in the presenceeofescent WT and CD47 KO
cells.B Quantification ofsingleefferocytosis of ACs by BMDMs in the presence of diffementbers of proliferating cells.
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Valuesare means® SEM;dtatistically significantdifferences were determined byne-way ANOVA with Bonferroni
correction. n=3 biological replicates.
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primed with senescent cell®if 6 hours in all conditions, excepturonly control. Blocking L wantibody was added in

different concentrations in parallel with BMDMs to the senescent c8lisnples were subsequently analyzed by flow

cytometry. BMDMs were selected for expression of F4/80. The BMDM population was analyzed for the population of
macrophages having engulfed AOsita are representative of three independent experiments. All vaiuesmeans’

SEM. Statistically significant differences were determined byvesye ANOVA with Bonferroni correctiori;p < 0.01 ***

p < 0.00T**** p < 0.0001. n=3 biological replicates.

Figure8-4: Proliferating cells do not impair macrophage functionality.

BMDMs were primed with differemumbers of proliferating cellfor 6 or 24 hours. ACs were labelled with PKH26 (red)
and added to macrophages in a 5:1: rdtioa onestep (single) otwo-step (double)efferocytosis assaySamples were
subsequently analyzed by flow cytometBMDMs were selected for expression of F4/80. The BMDM population was
analyzed for the population of macrophages having engulfed AQ3uantification ofsingle efferocytosis of ACs by
BMDMs in the presence of differemumbers of proliferating cells. Buantification ofdouble efferocytosis of ACs by
BMDMs in the presence of differemumbers of proliferating cells. Valuese means® SEM;statistically significat
differences were determined byne-way ANOVA with Bonferroni correction. n=3 biological replicates.
























