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Abstract

Al zhei mer 6s di sease (AD) and Par kinson
widespread neurological disorders and currently represent a major and growing
public health challenge, with extreme unmet nesdlsstantiatlisease burdeand
poor therapeutic options.

These purodegenerativdisease¢NDDs) are characterized by many shared
key pathological features, including the selectiwégnerability of specific brain
regions, theaccumulation of misfoldegroteins and persistent archronic
neuroinflammation. Traditionally, the accumulation of misfolded proteins
(amyloidch a nd t a-synuclein inAPDhas been considered the primary
cause of degeneration of cognitive and motor functions due to loss of neurons in
the central nervous system (CN$Jowever, recent compelling evidence has
highlighted the central role of neuroinflammatiamhich not only supports the
progression of neurodegenerative diseases but can also cause the buildup of
aggregates at the earliest stages of theadis process.

Neuroinflammation is associated withronic activation of the immune cells
resident in the brain, peripheral immune cell trafficking across the {icmd
barrier, and release of various mediators of the inflammatory/immune response,
including IL-1 b ,-6, TNFU and TNFSF10. Among t hese, TNF
expressed in the AD brain, has been shown to modulate both the innate and the
adaptive branches of the immune response inRi2se mediators are produced by
resident CNS glia (microglia and astréey), endothelial cells, and peripherally
derived immune cells.

In this regard, impaired communication across brain barriers (BBs) between
the CNS and peripheral compartments has emerged as a key pathological feature.
Indeed, while both AD and PD have been traditionally described as disorders of
the CNS, increasing edence suggests a significant IGNS dysfunction in their
pathogenesis, extended to peripheral organs/sysidnssbidirectionalinterplay
is supported not only by the infiltration of circulating immunocytes into the CNS
and the activation of peripherahimune responses, but alspthe observation that
peripheral organmiirror the inflammatory status of the brain.

Interestingly, as an extension of the CNS, the retina may reflect



neurodegenerativérain pathology,and visual impairments often precede the
classical clinical symptoms of such CNS disorders, opening to the investigation of
the retinafor early diagnosis and therapeutic monitoring

With such rationalethe first objective of the project has been to investigate
whether neutralizing TNFSF10 with an amtNFSF10 monoclonal antibodyuld
orchestrate the immune response in advanced stage of @dAccomplish this
objective, we employed the 3xJAD mouse modelwhich develop both plaques
and tangles, as well as autoimmune/inflammatory diséasan agerelated
manner, resembling human AD pathology.

Sub-chronic treatment wittthe anttTNFSF10 antibodyromoteda switch
in microglial and splenic macrophage towsesh antiinflammatoryphenotype
Moreover, he treatmentlecreasegroinflammatory monocytes and regulatory T
cells in boththe brain and spleenf 3xTg-AD mice, paralleled bya reductionin
PDl-expressing T cells.Restraint of the overall immune response was
accompaniethy dramatically decreased burderaofiyloid-b (A B in both organs
and phosphorylatedau (-Tau) in the brain.TNFSF10 neutralization restored
immune balance in both the CNS and peripheryacitanced disease stages,
highlighting its potential as a therapeutic target addressing immune
dysregulatiorwhen the pathology is already wedktablished

I n the attempt -gymcleins{Sym)beyond thedrain,thé e of U
second objective of the study focused on the retinal pathology in a PD rat model
i nduced by i ntr an i-sgnuckeinoligomérgiHd}iSym@s).of human
The retina of rat infused with #-SynOs revealed increased phosphoryldted
Syn (pU-Syn) and a significant loss of dopaminergjoosine hydroxylas@H*
neurons, reflectinghe pathology within the substantia nigra pars compacta
(SNpc) Moreover, ve observed heightened levels of ”i8B4-5p, which inversely
correlated withts predicted molecular targ8iRT1, known to be neuroprotective.
Additionally, intranigral infusionof HUSy n Os el i ci ted an infl am
within the retina, as evidenced lagtivation of astrocytes and microglia and
enhanced proinflammatory cytokine signaling.

These findings emphasize the retina as a valuable peripheral site for
monitoring brain neurodegeneratiand neuroinflammatory processes in PD

pathology reinforcing the concept of the retina as a windotww the brain.
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In this light, unravelling mechanisms underlying neanemune dysfunction
beyond the braimolds great promise fordentifying novelmolecular target$or

therapeutic intervention and biomarkers for early neurodegeneration prediction.
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1. Neuroinflammation in neurodegenerative disease

The term reuroinflammation refers to the inflammatoryacéion that occurs
within the brain or spinal cord in sponseto various insultssuch as brairnjury,
infection, or neurodegenerative diseage]. The degrege extentand natureof
neuroinflammatiorneavilydepend on the context, duration, and course of the primary
stimulus or insulf1].

During acute conditiongncluding infections, injuries, or traumahe innate
immune system contributes to tissue homeostasis, pathogen elimination, and injury
recovery[3]. In this regard, neunoflammation acts as a protective mechanism,
limiting damage and promoting tissue regdir

Microglia are the brain resident immune cells that mediate key function to
support the CNSand maintain homeostasigicluding immune surveillance and
macrophagdike activities[5,6]. Indeed, mder resting conditions, microglia exhibit a
ramified morphologyand continuouslyextend and retract their processes to actively
survey the CNS microenvironme. In response to infection or disease, microglia
become fAactivatedo and further ,endegpt t o t he
cytoskeletal remodelling and modulate the expression of surface receptors, while
shifting their transcriptional program to produce inflammatory cytokines and
chemokines[6]. They promptly respond to local pathogenaues through the
expression ofoll-like receptors (TLRs)Yeceptors featured by an extracellular leucine
rich repeat domain that detects pathogaessociated molecular patterns (PAMPS) or
damageassociated molecular patterns (DAME)

However, n the occurrence that innate immeme¢éated processes are not
completely resolutive, microghmediated mechanisms are trapped in a vicious cycle
[9], characterized by chronicized release otipftammatory cytokinglL-1 b ,-6, | L
and TNFU), chemokines (CCL2, CCL5, CXCL1),
excitotoxins,initiating a cascade of toxic events leading to neuronal déatisuch
neurotoxic mediators converge to facilitate mechanisms associated with protein
degradation, mitochondrial dysfunction, defective axonal transportapogtosis;
mechanisms associated with the pathogenesis of NDI)s

In addition, he persistence of these inflammatsetynuli andother elements of

the unresolved immune responkmmads toincreased bloodrain barrier (BBB)
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permeability and breakdowiO], with accumulation of neurotoxic substances
alterations in paracellular and transcellular transport @drahges irtight junction
protein expressiofiLl]. Thesealterations mawltimately cause synaptic dysfunction
and promote neurodegeneration, potentially driving cognitive declip2]. In this
context, BBB dysfunction has increasingly been regarded as a pathological hallmark
in many neurological disorders, including AD, PD, multiple sclerosis (MS), traumatic
brain injury and strokelThe disrupted BBB facilitates thearuitment oblood-borne
products and seruproteinsandperipheral leukocytesuch aseutrophilsmonocyte
derived macrophage$-lymphocytesand B-lymphocyteswhich penetrate the brain
parenchyma[l3]. These -cellsfurther contribweé to fuel central detrimental
inflammatory response through the release of free radicals, proteolytic enzymes,
matrix metalloproteinasesnd proinflammatorgytokines[14] (Figure 1).

On the other handgrowing evidence suggestsathcentral inflammation
significantly impactgeripheral immune procesgd$]. In particularjn AD and PD
the increasing levelsf circulatingA b a-syducléin(U-Syn), respectively, causes
an essential systemic inflammatory respoasevidenced byeightenedevelsin the
blood of preinflammatory cytokines such as-&, IL-1 b, a n[d6,17T]JNF U

Overall, a systemic challenge of the peripheral immune system triggers a mirror
inflammatory response in the brain, anide versg18]. This not only supports the
existence of a bidirectional crosstalk between the CNS and the peljip@Ebyt also
suggests that AD and PD pathogenesis shoutdiemdedeyond the context of CNS
centred diseasepnsideringsystemic manifestations in peripheral tissues and organs.

13
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Fig. 1. Central and peripheral immune response in neurodegenerative digeassponse to injury,
misfolded proteinsor inflammation, damaged neurons could releaseasgifiens or modified proteins

that activate resting microglia. Activated microglia produce proinflammatory cytokines, chemokines,
and reactive oxygen and nitrogen species. When such innate imrelated processes are not
resolutive, microgliamediated mechanisms are trapped in a vicious cyaleasing pranflammatory

signals that activate astrocytes, which in turn amplify the neuroinflammatory resmonpeomising

BBB integrity andultimately leadto neuronal deatHJncleared misfolded proteins can trigger innate
immune response cells in the brain and adaptive immune response in peripheral lymphoid tissue,
mounting a response against these antigdatve T cells differentiate into antigapecific T effector

cells (Thl, Th2, Th17, and cytotoxic T lymphocytes (CTL) or regulatory T (Treg) atiancross
the BBB, further fueling neuroinflammatidf].
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2. Al zhei mer 6s di sease: gener al background

Al zhei mer (AB) isdhe snesa mmmon form of dementia, affecting
approximatelyt6 million individuals worldwideand e estimated global count AD
patients is projected to reach 139 million by 2(80,21] Despite large gains in our
understanding of AD pathogenesikere are still no diseaseodifying treatments
[22].

AD is characterizedby aprogressiveneuralegenerative procesthattypically
begins with memory impairment anslibsequentlyleads © cognitive decling
interfering with activities of daily livingand affecting behaviouy language, spatial
orientation, aneventuallythe motor systenj23].

Aging is the strongest risk factor ftre development oAD, whose incidence
reaclesapproximately 10% in individuals over 65 and 40% in those ovege&fs.
Other known risk factors for the development of AD are the presence of the epsilon 4
allele of theApolipoprotein E APOE) gene, arterial hypertension, traumatic brain
injury, depression, obesity and smoki2g].

Early and late onset are the two types & [R5]. Late onset ADLOAD) is
typically driven by a complex interplay betweenvironmental andenetic factors.
The APCE gene which encods three ApoE protein isoforms U2, 03 and U4,
strongestgeneticrisk factor for sporadic AD:i ndi vi dual s U4 homozygo
estimatedB0% lifetime risk of developing A26]. On the other handamilial AD
(FAD) is a rare earlyonsetform of AD, with symptoms typically appearing before
the age of 65FAD is caused byully or highly penetranimutations in genes involved
into the amyloidogenic pathwayamyloid precursor protein (APP), presenilin 1
(PSEN1) and presenilin 2 (PSENRading to increased generatiandaggregation
of [Z6p

The neuropathological hallmarks for AD amyloid plaques and neurofibrillary
tangles (NFTs]24]. Amyloid plaques are extracellular accumulations composed of
abnormally folded Ab with 40 pwmducedly ami no ¢
cl eavage of the APP. Ab42 is more abundant
insolubility and higher rate of fibrillizatior{27]. Neurofibrillary tanglesare neuronal
inclusions composedof aggregates of hyperphosphorylated tau proteins that are
variablymodified by ubiquitination and glycatid&3].
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In addition,astrogliosis and microglial activatioalong withcerebral amyloid
angiopathy(CAA) are frequently observe@ollectively,thesepathological processes

lead to neurodegeneration and synaptic loss, resuttimgcroscopic changes such as

cortical and hippocampal atrophy aladeral, third and fourth ventriclenlargement
[28] (Figure 2).

Fig.2Pat hol ogy of Al adcanulatienn thesfrordal cerexfsamdin bldodl vessa

(B). (C) Tau immunohistochemistridentifying both neurofibrillary tanglegarrows) and neuritic
plagues double arrows). Reactive microglia@). Scale bar 50 em. (E) Normal bran. (F) Brain with
pathology of ADshowing @largement of the ventricles and selective hippocampal atrophy (white
arrows) [29,30]

The definitive diagnosis of AD requires pasbrtem evaluation of brain tissue,
though markers of brain amyloid such as positron emission tomography (PET) and
cerebrospinal fluid (CSF), anthagnetic resonance imaging (MRI) for atrophy
measurementan help diagnosis in living patients addition to clinical biomarkers
[31].

Despite advances in early diagnosis,drughas yet proven capabdd alteing
the underlying disease pathology or disease coiustl recently, dugs thatonly
relieve symptomsverecurrently available treatments for AD.

Acetyl-cholinesterase inhibitors (AChEIs) (donepezil, galantamine and
rivastigmine) that increae acetylcholine availability in synapseare theprimary
treatment optiorfor the management of cognitive impairment and for the dementia
stage of AD Memantine, &N-methyld-aspartaté NMDA) receptor antagonisthich
reduce dglutamate excitatory neurotoxicjtys an alternative symptomatic treatment
optionfor mild to severe A032].
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Following nearly two decades of intense pharmacological research and drug
development with no new therapeutic breakthrou@reble 1), three monoclonal
antibodies (mAbs), aducanumab, lecanemab, and donanemab, have received approval
by the U.S. Food and Drug Administration (FDA) for the treatment of -atalye AD
with confirmed Ab pathol ogy.

Table 1. FDA approved treatment for AD

Name Approval Approved for Therapeutic Side effects
(Generic, brand) year target
Memantine 2003 Moderate to N-methytD- Headache,
(Namenda) severe dementia aspartate (NMDA) constipation,
due to AD receptor confusion,
antagonist dizziness
Galantamine 2004 Mild to moderate Cholinesterase ~ Nausea, vomiting
(Razadyne) dementia due to inhibitor loss of appetite,
AD increased
frequency of bows
movements
Donepezil 2010 Mild to severe Cholinesterase =~ Nausea, vomiting
(Aricept) dementia due to inhibitor loss of appetite,
AD increased
frequency of bowe
movements
Rivastigmine 2013 Mild to moderate AChE and Nausea, vomiting
(Exelon) dementia due to butrylcholinesterase loss of appetite,
AD or PD (BChE) inhibitor increased
frequency of bowe
movements
Memantine + 2014 Moderate to Combination of Nausea, vomiting
Donepezil severe dementia NMDA receptor loss of appetite,
(Namzaric) due to AD antagonisand increased bowel
cholinesterase movements,
inhibitor headache,
constipation,
confusion,
dizziness
Suvorexant 2020 Insomnia in Orexin receptor Impaired motor
(Belsomra) patients with mild antagonist coordination, slee
to moderate AD paralysis,

worsening of
depression, suicid
thinking

17



Aducanumab 2021 AD A bdirected ARIA-Edema,

(Aduhelm) monoclonal headache, ARIAH
antibody that microhemorrhage
reduces the buildug superficial
of aggreg siderosis, fall
the brain
Lecanemab 2023 Mild dementia A bdirected ARIA with edema
(Legembi) due to AD monoclonal headachginfusion
antibody that related reactions

reduces the buildug
of aggreg

the brain
Brexpiprazole 2023 Agitation in 5-HT1A and Nasopharynagitis,
(Rexulti) dementia dopamine D2 dizziness
associated with  receptors agonist,
AD 5-HT2A receptors
antagonist
Donanemab 2024 Mild cognitive A Bdirected ARIA-E, ARIA-H
(Kisunla) impairment or monoclonal microhemorrhage
mild dementia antibody that superficial
due to AD reduces the builduy  siderosis, and
of aggreg headache
the brain
Benzgalantamine 2024 Mild to Cholinesterase ~ Nausea, vomiting
(Zunveyl) moderate inhibitor diarrhea, dizzines
dementia due to headache, and
AD decreased appeti

Table 1. Overview of pharmacological treatments for AD approved by the U.S. FDA, including
symptomatic drugs and recenif333onocl onal antibodi es

Althoughmbonocl onal ant i bo dhavedemodsiratdslemMng d agai ns
of the clinical decline irearly-stageAD and represerdn initial step toward disease
modifying strategiestheir therapeutic applicatiomelies on timely and accurate
diagnosisand their use is associated with several adverse reag8bnsThe most
common adverse reactions dieeding and swelling in the brain, called amyioid
related imaging abnormalities (ARIAyvhich includeARIA with edema(ARIA-E)
and ARIA with microhaemorrhages (ARIA), and in rare cases, they can lead to
serious or lifethreatening even{83,34]

A swift analysis of the available trials involving aatnyloid immune
compoundssuggeststhat the clinical benefits have fallen short of expectations
promping scepticism about the a my | oi d ¢ a s caaddagsinglquestiost h e si s 0O
on furtherd e v e | 0o p margetingihdrapidgBo].

The limited success of current therapeutic approachderscoreshe urgency
of adopting alternative strategig¥] and drove us to look at other factossch as the

dysregulated immune interactions in théAD-related neuroinflammation

18



Exploring these processesay lead to the identification afovel molecular
targets and, ultimatelyto the development ofmeaningful therapeutic options

combat this devastating neurodegenerative disease

3.The neuroi mmune axis of Al zhei mer 6s di s e;

Despite decades of research, a precise cause underlying AD has not yet been
defined this islikely due, at least in part, to the heterogeneous nature of the disease,
both in terms of clinical presentation and disease progrel@&dhrseveral hypotheses
have been proposed to explain the complex and multifactorial mechanisms driving
AD-related neurodegenerati{38].

Genes involved in the regulation of immune function within and outsidéh&
have been identifiechs risk genedor AD by genomewide association studies
showing enrichment of risk variants in immuretated tissues and braiasident
immune cells CD33 and TREMZare the first genes encoding immune receptors,
shown to be associated with AB9] followed by SYK, GRN, SLC2A5, PYDC1,
HEXB, and BLNK[40].

Additionally, systemic inflammation caused by bacterial and viral infections or
chronic diseasdeads toheightenedrelease of prénflammatory mediators from
peripheral organs into the bloodstreaaffectingneurons and glial cells in the brain
[41].

Crosstalk between the brain and the peripheral immune system occurs via CNS
brain borders: the BBB, choroid plexus (CP), or from the menifige42,43]

These barriermmaintan CNS homeostasand an appropriate milieu for neuronal
function [44]. However, banges in these BBs could initiate and/or exacerbate
neuropathogenesis, acting as gateways for infiltrating immune cells into th@ihiain

Peripheral immune celisicluding neutrophils, T lymphocytes, B lymphocytes,
NK cells, and monocytesnd their secreted factors that cross the brain bohaieher

exacerbate neuroinflammatiand ultimately leads to cognitive impairmeft&,46]

19



4. The crucial role of TNFSF10in neurodegeneration and immune response

Innovative therapeuti&trategyto neurodegenerative disorders could be envisioned
by proper modulation of the inflammatory/immuorehestrg9].

Compelling evidenceupportscritical relevance of mediators of the immune
response in neurodegeneration. In fact, injured neurons release arrays of pleotropic
molecules, redundantly sustaining neuronal damage and [d&@ai8]. Of particular
focus are cytokines, @ucialcomponent of the immune systetimatact as a mediator
of neuroinflammation and play a key role in AD pathogendSk

Cytokinesare agroup of immune signaling molecujggedominantly produced
by macrophages/microglia and lymphocytbat mediatecell-to-cell communication
and regulateell proliferation, differentiation, apoptosis, and inflammatory responses
[50,51] These neuroimmune players carclassifiedbased on their proinflammatory
or antkinflammatory activities. While antrinflammatory cytokines help restore
homeostatic balance after an inflammatory instiie dysregulated secretion of
specific proinflammatory cytokines (L b , -17) IL-12, IL-23, IL-6, and TNFU)
drives neuroinflammation and exacerbates neuronal damage [51M9]

In this line, cytokines belonging to the Tumor Necrosis Factor (TNF)
superfamily are considered substantial contributors of the accelerated cell death rate
associated with neurodegeneratanmd play keyrolesas effectors and regulators of
innate immunity and inflammatids2].

Amon thesetumor necrosis facterelated apoptosis inducing liga@RAIL),
also known as TNFSF1@ proapoptotic cytokings3] initially identified for its
selective ability to induce apoptosis in cancer dédg, has been recently recognized
as a pleiotropic mediatasf both the innate and adaptive immarresponse in the
pathogenesis of several immunological disordéis

TNFSF10 is expressed by lymphoid organs such as the spleen and thymus, as
well as by a variety of immune cells, includingonocytes, macrophages, T
lymphocytes, neutrophils, and dendritic c48®,56] While it is not constitutively
expressed in the healthy brain, it is abundantly release during neuroinflammatory
processes by activated microg[@/], CNS infiltrating macrophages and damaged
neurong58]. In the CNS,TNFSF10 is a potent mediator méuronal loss imesponse

to pathological insultsuch as amyloid accumulation, brain ischemia, and traumatic

20



spinal cord injuryj46i 48]. In particular, TNFSF10 is strongly upregulated in apoptotic
regions and contributes to neuronal death and inflammation in cerebral ischemia and
spinal cord injury, and its immunoneutralization is associated with attenuated
neurodegeneration and inflammatoesponse [62,63].

In addition to itscentral reurotoxic effects, NFSF10 also acts as a coordinator
of the peripheral immune resporse it appears to regulate, among of@cesses
the recruitment and trafficking of immune cells acros38B. Moreover, it has been
shown thatts role asaneffector of immune surveillandertherextend in peripheral
organs such as the splgé8,60]and the reting61].

Consistently, TNFSF1@ssumes an orchestrating role in the complex scenario
of the overshooting neuroinflammation in AThis cytokine is expressed in close
proximity of A bplaques in human AD braj62], suggesting aynergistiaccontribution
to A bneurotoxic effectln vitro, TNFSF10is abundantly released by human neural
cel |l s c¢ hal lamdntgimmdunonautralzatidmgects humameuronsrom
A b t o Y58]c Based on these findingsit has been demonstrated that
immunoneutralization of TNFSF10 by means of a neutralizing monoclonal antibody
leads tofunctional improvement, redusel e posi t i o n-taw groteiAsand a n d
dampens the inflammatory processes both in the CNS and in the spleen @X[3xTg
mice[63,59]

Therefore, onsidering the TNFSF1felatedfine-tuning ofboththe central and
peripheraimmune resporeand in light of theextensive body of literatureve propose
the hypothesis of targeting TNFSF&8 a potential tool to ralance the altered

immune responsia later stages oAD.

4.1 The TNFSF10signalling system

TNFSF10 is expressed as a type Il transmembrane protein and is released from
the cellsurfaceafter cleavage by metalloproteinases, yieldiagolubleform [64]. In
humans, TNFSF10 binds to five distinct receptdesath recepte4 (DR4) and death
receptor5 (DR5) both with an intracellular death dommai(DD) able to activate
downstreamdeath pathway decoy recepta (DcR) 1 and 2that cannot trigger

apoptosis and, osteoprotegerin (OP&jeceptor thabinds to TRAIL with very low
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affinity andis not involved in apoptotisignalling[65]. Unlike humans, mice express
only one receptor with death signalling capacity, referred to as mDR5

The interactions of the biologically active form of TNFSRith its receptor
system mediate different biological outcomes, fropno-apoptotic to pro-
survival/proliferative pathway$6].

With regard to apoptosis, TNFSF10 can indeedl deathvia two distinct
modalities the extrinsic pathwaywhich require the formation of the DISC complex
and the activation of caspase 8 and 10, finally leading to cell death by downstream
effector caspaseand the intrinsic pathwayyhich istriggeredby intracellular stress
signals that lead to mitochondrial dysfunctioaelease of apoptogenic factors, and
subsequent activation of caspase 9 efifector caspasd67,68]

NonethelessTNFSF10 can also activate alternativaapoptotic, presurvival
pathwayghrough several mediators, including the transcription factor nuclear-factor
9 B (gNBH , t h-activatedipwtgirekmases (MAPKSs), and PI3K/Akt and ERK

pathways, ultimately leading to transcription of survival g¢68k(Figure 3).

22



TRALRZ  TRAIL-R3

LR R [DcR)  TRAILR4
(DR4) th?J . O AL O
; ' 000
Q 6 & F.N;JD /_l
Qo) RN
Pro- Caspases 810 DIsC

[ Death domain

Bel-2
Bci-od
Pro- Caspases 36T / X’B"’ Lo
Caspasesaﬁ? p— IA_IF )
Smac
DIABLO

" Clevage
of celiular
death substrates

thatmediate  _/ ]
celldeath " Caspase-9

l T b Meochondrs

Apoptosome

Apoptosis i1 1

Pro-caspase-9

Bax/Bak

Cytocrome-C

Activation
of sunival genes

NF-kB MAPKs PI3K

Cell Survival

Akt ERK JHK
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and 7. By contrast, the intrinsic apoptotic pathway is activated by different stress signals that damage
mitochondria. Members of the B2l family, such as Bax and Bak, translocate to the mitochondria,
leading to loss of transmembrane poi@ntysis of mitochondria and release of cytochrome ¢ and
Diablo into the cytosolln the cytosol,cytochrome c catalyzes the assembly of the apoptosome, a
platform constituted also yro-caspase 9 and apoptotic proteastvating factor 1 (APAF). Active
caspasé® processes and activat®wvnstreaneffector caspased 6 and 7

Non-apoptotic signaling cascade requires the recruitment of adaptor proteins such as TRADD, TRAF2,
RIPl,andIKko t o f or m a c ovaripus prateintkihasd, including MAPK tERK, JNK,

and p38, along with the transcription factor -KB, that regulate not only the apoptotic pathways
activated by TNFSF10 but also cell survival and proliferaf)69]
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Abstract

Al zhei mer 6s di sease (AD) i's the most comn
characterized by accumulation of amyldid pr ot ein and hyperphosp
protein in the brain. Neuroinflammation, resulting from chronic activation of -brain

resident innate imme cells as well as enhanced peripheral leukocyte access across

the blood brain barrier, crucially affects AD progression. In this context, TNFSF10, a

cytokine substantially expressed in the AD brain, has been shown to modulate both

the innate and the adape branches of the immune response in -related
neuroinflammation. In this study, we explored whether a TNFSliralizing

treatment could represent a tool tebadance the overall overshooting inflammatory

response in a mouse model of AD. SpecificaBxTg-AD mice were treated sub

chronically with an artifNFSF10 monoclonal antibody for three months, and were

then sacrificed at 1Bonths. TNFSF10 neutralization reduced the expression of the
inflammatory marker CD86, inversely related to levels & #mtiinflammatory

marker CD206 in the brain of 3xI/D mice, suggesting a switch of microglia

towards a neuroprotective phenotype. Similar results were observed in the splenic
macrophage population. Moreover, flow cytometry revealed a significant deatas
CD4'CD25'FOXP3 T regulatory cells as well as reduced number of
CD116LY6C"" proinflammatory monocytes in both the brain and the spleen of

3XTg-AD micetreated with antTNFSF10 monoclonal antibody. Finally, the
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treatment resulted in lower count of splenic CAd CD8 T cells expressing PD1.
The data suggest that TNFSF10 systargeted treatment effectively restrain
overshooting central and peripheral inflammation by rebalancing the overall immune

response, mitigating th@ogression of Alpathology.

Keywords: Neuroinflammation, Immune response, Cytokines, €&ktdent innate

Immunocytes, Splenocytes, Immune exhaustion
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Introduction

Alzheimer's disease (AD) stands as the most prevalent form etkged dementia,

with a rising global incidence, high unmet needs, and limited therapeutic options
(Kerwin et al.2022.

Although a precise cause underlying AD has not yet been defined among an array of
potential pathogenetic factors (Vejandla eR@R4), such as accumulation of amyleid

b (Ab) and hyper gdupis thér brainy (Gudigamodet @0Hu ( p
recently, neuroinflammation has been increasingly regarded as a crucial contributor to
AD pathogenesis (Leng and Edis2021 Uddin et al2022 Kiraly et al.2023.
Neuroinflammation in AD appears associated with chronically activatedrédi@ent

innate immunocytes (Di Benedetto et2022, as well as with increasedtafficking
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of peripheral leukocyte across the blobrhin barrier (BBB) and the choroid plexus
(CP) of the blood cerebrospinal fluid barrier (BCSFB) (Zenaro &t0dl7; Gido et

al. 2022, supporting the hypothesis of the existence of a bidirectional crosstalk
between the inflamed CNS and the peripheral immune system.

Recent findings suggests that the spleen is pivotal in this dialogue (Yu et
al. 2021, 2022, as it serves as a major reservoir of immune cells (Lewis 20 HJ).

In this context, robust evidence underscores the critical role of inflammatory/immune
mediators in driving the progression of neurodegenerative processes (Chitnis and
Weiner2017 Rani et al2023. Among these, TNFSF10, a
proapoptotic/proinflammatory cytokine belonging to the TNF superfamily, has been
shown to modul ate the i mmune response in AI
neurotoxicity and, on the other hand, sustains neurodegenerdtted
neuroinflammation (Burgaletto et £020).

Cytokine TNFSF10, in fact, is abundantly released by activated glia;ifNi&ating
macrophages and injured neurons, finally acting as a cell death signal (Cantarella et
al. 2003. Consistently, the persistent expression of TNFSF10 appears related with
worsening of functional outcomes in animal models of AD (Cantarella 2055.
Furthermore, TNFSF10 also fuels inflammation by recruiting peripheral T regulatory
(Treg) cells to thdrain of the triple transgenic mouse model of AD (3»AMm) (Di
Benedetto et aR019.

We have previously demonstrated that chronic TNFSF10 immunoneutralization by
means of a monocl onal ant i b-anylgidnewmal | t s i n
toxicity in vitro (Cantarella et aR003, restores cognitive behavior (Cantarella et
al.2015 , r e d u c a8 prodens amaurdulaon and dampens the inflammatory
processes both in the CNS and in the spleen of -3 gnice (Di Benedetto et

al. 2019.

These findings prompted us to further investigate the consequences of the
pharmacological neutralization of TNFSF10, in orchestrating the immune response in
advanced stage of AD.

To accomplish this objective, we employed the 3AI which develop both plaques

and tangles in an agelated manner (Oddo et ab03, as well as behavioral
impairment paralleled with systemic autoimmune/inflammatory disease (Marchese et
al. 20149).
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We enrolled 3xTgAD mice at 12months of age, a timepoint in which these animals
exhibit all the hallmarks of the disease, and treated with aiTAff5F10 monoclonal
antibody, as previously described (Cantarella e2@l15. Subsequently the immune
response and pathological features were assessed.

Our study demonstrates that neutralizing TNFSF10 with asT&SF10 monoclonal
antibody restores balance to the dysregulated immune responses in both the CNS and
the periphery. Notably, this effect occurs when the pathology is already well
established, nderscoring the potential of targeting TNFSF10 as a therapeutic strategy

for addressing immune dysregulation in later stages of the disease.

Materials and methods

Mice

Male 3xTgAD mice [B6129Psen1tm1MpmTg (APPSwe, tauP30L) 1Lfa/J], which
overexpress mutant APP (APPSwe), Psenl (PS1M146V), and hyperphosphorylated
tau (tauP301L), and wittype mice (B6129SF2/J) were purchased from Jackson
Laboratories. The 3XTF&D mice (Gddo et al2003 were generated by dnjecting

two distinct transgene constructs encoding
(controlled by murine Thy1.2 regulatory elements) into shegléembryos harvested

from mutant homozygous PS1M146V kneckmice. Age matched Wd-type mice of

mixed genetic background 129/C57BL6 were used as controls. The animals were
maintained on a 1A light/dark cycle in temperaturand humiditycontrolled rooms,

and food and water were available ad libitum. Animal experiments were cothdlucte
strict accordance with the ARRIVE guidelines and recommendations for the care and
use of laboratory animals. All experiments were carried out according to the Directive
2010/63/EU and the Italian law (D.Lgs. 26/2014). The protocols were approves by th
Italian Ministry of Health (authorization n. 552/20P®R).

Drug Administration and Experimental Groups

The TNFSF1eneutralizing monoclonantibody (purified rat ammouse CD253) and

the vehicle (purified rat |1 gG2Usa isotype co
Franklin Lakes, New Jersey, USA. All other compounds were of the highest

commercial gradavailable.
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Thirty 3xTg-AD and fifteen wildtype mice were enrolled at T2onths of age and

three study groups were used: (i) wilgbe plus vehicle; (i) 3XTGAD plus vehicle
(purified rat |l gG2Us isotype cADmplus ol ; BD
TNFSF10neutrdizing antibody (purified rat artinouse CD253; BD Biosciences).

Animals were simultaneously randomised to the treatments without taking any other

variable into account to avoid bias. Animals (fifteen per experimental group) were
administered witta TNFSFD-neutralizing antibody (concentration: O0.0fy/ml;

200 | / mous e, i ntraperitoneal | ymg/mlor vehi
200e | / mous e; Il ntraperit ometwitelaynpnth((Moodays e we i gh
at 12 a.m.) and sacrificed via @@halation or anesthetized and transcardially

perfused with icecold 0.1M PBS (pH 7.4) or iceold 4% paraformaldehyde (PFA)

at 15months of age, two weeks after the last injection. The treatment with the anti

TNFSF10 monoclonal antibody effectively nalized TNFSF10 in 3XT-@A\D aging

mice (see Supplementary FiD.

Protein Extraction

Brain and spleen samples of 3xA® mice and agenatched wildtype mice were

dissected inice ol d Hankds bal ancednMsNaClt54sM | ut i on (
KCI, 0.45mM KH2PO4, 0.34nM Na2HPO4, 4nM, NaHCO3, 5mM glucose; pH

7. 4) and t h é&untisuseoForgroteiraeitradtionfain and spleen tissues

were homogenized and sonicated in a lysis buffer containingnM®aCl, 50mM

Trisi HCI (pH 7.5), 5mM EDTA, 1mM Na3V04, 30mM sodium pyrophosphate,

50 mM NaF, 1mM acid phenyimethytsulphonyifluoride,5¢ g / ml a pergdtmlni n, 2
leupeptin, X g/ ml pepstatin, 10% gl yloOe Afeed |, and (
sonication, the homogenates were centrifuged at 14@0dor 10min at 4°C and

the supernatant was collected. Protein content of the sugetrnats quantified

according to the Bradford Assay method (Bradib®d6).

Western Blot Analysis

Equal amounts of protein (30g) of hi ppocampus and spl een
onto SDSPAGE gels and transferred onto Hybe@L nitrocellulose membranes

(10600003, Amersham Life Science, Buckinghamshire, UK). Membranes were

blocked at room temperatui@ 1 h with a blocking solution composed of 5% riaih
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dry milk (Bio-Rad Laboratories, Segrate, ltaly) in phosplmtéered saline plus
0.05% TweerR0 (PBST) and were then probed af@ overnight with the following
appropriate primary antibodies: rabbit ahNFSF10 (1:200, ab231265, Abcam,
Cambridge, UK) na mouse arCD86 (1:500, s€8347, Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA) or a mouse &b206 (1:500, s&8986, Santa Cruz
Biotechnology Inc.). After that, the membranes were washed with-TPB&d
incubated with the appropriate horseradiperoxidaseonjugated secondary
antibodies (GE Healthcare) forhlat room temperature in 5% néat dry milk. For
immunodetection, the membranes were exposed to film after enhanced
chemil uminescence ( E&@ih (1:1000G4867H@eh Sgligc ar e ) . b
Technology, Danvers, MA, USA.) was used as an internal control to validate the right
amount of protein loaded on the gels. Densitometric analysis of band intensity was
performed with the aid of ImageJ software version 1.53v (developed by NIH, feeewa
available onlinehttps://imagej.nih.govi)j

Flow Cytometry Analysis

Brain tissues were cut with scissors into small pieces on ice and incubated with

0.4mgmli 1 of collagenase type IV (Gibco, Cat. No. 17104019) foma3®at 37°C.

After incubation, brain pieces were passed repeatedly througigaut@® needle with

a syrirge to obtain a homogeneous cell suspension, filtered througheanv0 c e | |

strainer, washed with ieeol d 1 | PBS, and cenntThe f uged a-
supernatant was aspirated, and 37% Percoll (GE Heathcare, Uppsala, Sweden) was

added. The sampleswee cent r i f ug e thin ant theBsOp@rnatantguasf or 30
discarded, and cell pellet was resuspended into cell staining buffer. Spleen tissues were

minced with scissors into a petri dish with HBSS buffer. Excised spleen pieces were

transferred and masthéghrougha 7@ m c el | strainer and then w
obtainaspleensingeel | suspension (SCS). S@B8 was cen
at4AC and the supernatant was discarded. Th

lysis buffer for 5min on ie. After washing with iceold PBS, the cell suspension was

centri fuged mntat 42C0a0d tHe cell peflebwas résuspended in PBS.
Dead cells were excluded using VioBlue viability dye (Miltenyi Biotec, Bergisch
Gladbach, Germany). Frequendyhlwain and spleen immune cells was analyzed by

multicolor FACS analysis using the following fluorochrow@njugated antibodies:
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ant-CD25VioBright FITC (clone REA568, 1:50, 18020/ 172, Miltenyi Biotec), or

an anttCD11bPerCPRVio700 (clone REA592, 1:50, 18013 809, Miltenyi Biotec),

or an antiLy-6C-PE-Vio770 (clone REA796, 1:50, 18011 918, Miltenyi Biotec),

or an antiCD4-APC-Vio770 (clone REA604, 1:50, 18019 132, Miltenyi Biotec) or

an anttCD8aAPC-Vio770 (clone REA601, 1:50, 18020 806, Miltenyi Biotec) or

an antiCD45-VioGreen (clone REA737, 1:50, 18010/ 803, Miltenyi Biotec), or an
ant-rCD279 (PD1)PE (clone REA802,:50, 130111 953, Miltenyi Biotec), or an
anttP2RY12 (clone S16007D, 1:200, ®cdl8003, BD
were incubated with the antibodies mix forr8h at RT in the dark and acquired by

flow cytometer (Cytomics FC 500, Beckman Coulter). Analysis was performed using
CXP Analysis software. Using a sequential gating strategy, the following cell
populatons were detected within the CD4Bmune cells: proinflammatory
monocytes were characterized as CDLMBC"9"P2RY12 in the brain and as
CD116LY6C""in the spleen, while exhausted T cells were identified as
CD4'PD1 or CD8PDT".

In brain and spleen samples were also evaluated the frequency of Treg cells
(CD4"CD25FoxP3) . For Tregs Ccella lwera t fixesinand 1 1T 10
permeabilized with FoxP3/transcription factor staining buffer set (cat. N&®5QG

00, Thermo Fisher Scientific), and intracellular staining with-BokP3APC (clone
REA788, 1:50, 130111 679, Miltenyi Biotec) was performed accordinio the
manufacturer's instructions. The results were expressed as percentage. To
unequivocally identify the several subpopulasi@fi interest, all gates were controlled
using a stain that lacks just one of the fluorescent markers (FMO) allowing accurate
gating.

Immunofluorescence

Mice were deeply anesthetized and intracardially perfused withoice4% PFA.
Brain and spleen samples were collected and fixed overnight in 10% #mufteakd
formalin (Bio-Optica). After overnight washing, samples were dehydrated in graded
ethanol ad paraffirembedded, taking care to preserve their anatomical orientation.
Five-micrometerthick sections were serially cutted, mounted on silanized glass slides
and air dried. To remove paraffin, slides were immersed in xylene twice, foml0
then rehgrated with graded ethanol, 100%, 95%, 70%, and 50%, twice painl0
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each, and transferred to distilled water. Antigens were retrieved in sodium citrate
buffer (10mM sodium citrate, 0.05% Twe&t0, pH 6.0) by microwave for 1fiin,
followed by rinsing with distilled water.
were inabated with 70% formic acid for 2@in. The slides were then washed in PBS
containing 0.025% Twee20 (PBST) twice for 3nin each, blocked in 5% BSA for

1 h at room temperature, in a humid chamber. The following primary antibodies were
incubated overnighdt 4°C with BSA 1%: goat ardibal (1:100, NB10@.028, Novus
Biologicals), or a mouse an@iD86 (1:250, s@8347, Santa Cruz Biotechnology Inc.),

or a mouse amMtD206 (1:500, s&8986, Santa Cruz Biotechnology Inc.), or a rabbit
ant-CD3 (1:100, ab1666%bcam) or a mouse arkioxP3 (1:100, s466212, Santa

Cruz Biotechnology Inc.) or a mouse abtamyloid (clone 6E10, 1:200, S180320,
Covance, Princeton, NJ, USA) or a mouse-psitiu (1:100, s@2275, Santa Cruz
Biotechnology Inc). For immunoreactiyiind fluorescence detection, after washing

in PBST three times for Bnin each, sections were incubated with the appropriate
fluorescemiabeled secondary antibodies foh lat room temperature in the dark:
Alexa Fluor 546 donkey angoat (A11056, Therm&isher Scientific, Inc.), or Alexa
Fluor 488 donkey antnouse (A21202, Thermo Fisher Scientific), or Alexa Fluor 488
donkey antirabbit (A21206, Thermo Fisher Scientific) or Alexa Fluor 546 donkey
antrmouse (A10036, Thermo Fisher Scientific). Finallyr staining of nuclei and
stabilization of fluorescent signals, slides were covered in mounting medium with
DAPI (F6057, Fluoroshield; Sigmaldrich, Milan, Italy) and secured with a
coverslip. Images were acquired using a Zeiss Observer.Z1 microscopesehwith

the Apotome.2 acquisition system (Zeiss LSM 700, Jena, Germany) with 5x, 20x, and
40 X objectives and wer e processed usi ng
immunohistochemical staining, five sections/sample were analyzed. Mean
Fluorescence Intensity(MFI) was used to evaluate the intensity of the
immunofluorescence signal. Briefly, after converting the imageshit 8verting to
grayscale, and using the appropriate threshold function, the positive stained area in the
images was measured (ShihaaleR021). Colocalization was quantified with ImageJ
software using the Colocalization Colormap plugin (Jaskolski 2085. Fluorescent
images were converted tob#&, and after setting the auto threshold function, the

Colocalization Colormap plugin was used to analyze the percentage of
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immunoreactivity in each image found at the same pixel. Results are presented as
correlation index (Icorr).

Plague size was measured using the Ellipse tool to quantify the area of individual
pl agu®s (em

To assess the extent of positive immunolabelling, indicated as positive area, images
were converted to-Bit grayscale, and the appropriate threshold function was applied.
The percentage of the immunolabelled area was then calculated (Christensen and
Pike2020.

Cytokine Analysis by Multiplex ELISA

Hippocampal lysates were assayed using the ProcarfaPleMouse
Th1/Th2/Th9/Th17/Th22/Treg Cytokine Panel, 17plex (EPX28087 901, Thermo

Fi sher Scientific, Vienna, Austria), accorc
concentrations of analytes were detected with the Luminex MAGPIX instrument

(Luminex Qorporation, Austin, TX). Data were analyzed with XPONENT® software

(Luminex Corporation, Austin, TX). Any analyte with a concentration outside the

linear range was excluded from the analysis.

Statistical analysis
Statistical analysis was performed with Prism GraphPad version 9.0. After testing
normality distribution of the data, an appropriate -wr@y analysis of variance

(ANOVA) test was applied,andpestoc Tukey 6s mul ti ple compar.i

todetermines t at i sti cal significance. Afallepl aques ¢
Student'st est . Data were represented as means N
value < 0.05 or p < 0.01; shown as *, and *
Results

Neutralizing TNFSF10 Switches the Functional Phenotype of Microglia in 3xTg

AD Mice

Microglia serve as the primary defense of the CNS in healthy conditions (Colonna and
Butovsky2017). Conversely, in the AD brain, microglia display a-mmfammatory

phenotype, contributing to neuroinflammation and neurodegeneration (Colonna and
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Butovsky2017 Gao et al2023. To investigate whether neutralization of TNFSF10

could modulate the phenotype of microglia, the expression of Ibal was evaluated

in co-localization with CD86 or CD206 ithe brain of 3XxTgAD mice.
Immunofluorescence experiments revealed a widespreadtamt of microglia in the

hippocampus of 3xT4D mice, as evidenced by the heightened expression of

Ibal/CD86 double positive cells, identifying the pran f | a mmat or-y Acl ass
activatedo phenotype. Notably, tkedly expressi
reduced in animals treated with the TNFSHEitralizing antibody (Fidl).

On the other hand, the expression of Ibal/CD206 double positive cells, which identify

the anti nf | ammat or y-acftalvtaetrendadt i mie¢t yogl i a, was
hippocampus of 3xT@\D mice treated with ar{TNFSF10 antibody, compared to

untreated 3XTAD mice (Fig.2).

Western blot analysis, consistent with immunohistochemical data, showed a
significant decrease in CD86 protein expression and an increase in CD206 protein
expression in the hippocampi of aMftNFSF10treated 3XxTgAD mice. This suggests

a switch of microgh towards a neuroprotective phenotype (Eignd?2).

TNFSF10 Immunoneutralization Mitigates 3xTg-AD Brain Inflammation

It is noteworthy that neuroinflammatory foci in the AD brain are linked to glial
activation and release of pimoflammatory cytokines, which have been reported to
play a crucial role in AD pathogenesis (WeBgerra et al2023 Wang et al2023.

To better dissect the impact of the aRnNFSF10 treatment on the neuroinflammatory
process in the AD brain, the pattern of pemd antiinflammatory cytokines was
evaluated by means of multiplex ELISA in 3xAdp hippocampal lysates.
Specifically, levelsof several pranflammatory molecules, including L b , -2, 1 L
TNFU, -0 | ANTO, IL-17A, IL-22, and I-:23 were significantly elevated in
vehicletreated3xTg-AD mice. Remarkably, treatment with the TNFSF10

neutralizing antibody restored their leveldfiose observed in WT mice (Fig).

Brain Infiltration by Peripheral Inflammatory Monocytes and T Regulatory
Cells is Reduced Following Neutralization of TNFSF10
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Proinflammatory monocytes are among the primary immune cells infiltrating the
brain parenchyma following injury, marked by significant BBB disruption, thereby
contributing to neuroinflammation (Mildner et aD07).

To explore whether TNFSF10 neutralization could result in restraining mondikgtic
inflammatory cells, cells isolated from brains, stained with antibodies against either
CD45, CD11b, LY6C, and P2RY12 were analyzed by flow cytometry (see
Supplementary Figga for proinflammatory monocytes gating strategy). The
frequency (%) of LY6E'9"P2RY12 cells out of the total CD4&D111 gated cells in

the brain of AD mice were significantly augmented compared to WT mice.
Remarkably, a pronounced reduction of monoelie inflammatory cells was
observed in animals underwent the dAMIFSF10 treatment (Figpanel a,
Supplementary Figb).

Previous data have shown that TNFSF10 promotes the recruitment of Treg cells (Ikeda
et al.2010 into the brain of 3XTEAD mice (Di Benedetto et a019. In this context,

we investigated whether TNFSF10 neutralization could be associated with reduced
infiltration of detrimental Treg cells into the brain.

Isolated brain cells labelled with antibodies against CD45, CD4, CD25, and FOXP3
were analyzed by flow cytometry (see Supplementary J&gor Tregcells gating
strategy). While the percentage of CDROXP3J gated cells among the total
CD45'CD4" in the 3xTgAD brain were augmented, a significant reduction of the
same cells was observed following treatment with-aNiFSF10 (Fig4 panel b,
Supplementary Fig3b). Indeed, we performed immunofluorescence analysis,
corroborating the reduced infiltration of Treg cells in the brains of- anti

TNFSF10treated mice (see Supplementary Big.

Neutralization of TNFSF10 Affects Phenotypic Switching of Splenic
Macrophages

Recent evidence suggests a potential involvement of the spleen in AD pathogenesis
(Wei et al.2022. Considering that the spleen, serving both as a blood filter and an
immune organ, represents a major source of peripheral immune cells (Bronte and
Pittet2013 Lewis et al2019, we studied the effect of TNFSF10 neutralization on

splenic cell populations. In particular, immunofluorescence and Western blot analysis

performed on spleen samples revealed increased prd | a mmat or-y 6cl
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activated?o ma c r -tregpted>J@AD micey identdiédi lay| the
macrophage marker CD86. Neutralization of TNFSF10 determined a significant
attenuation of CD8@xpressing macrophages. Moreover, while theiaffimmatory
macrophage marker CD206 was scarcely measurable in then sifl@eintreated AD
mice, robust expression was detected in animals that underwent tHeN&S10

treatment (Fig5).

Neutralization of TNFSF10 Reduces the Splenic Populations of both
Inflammatory Monocytes and Regulatory T Cells

Several studies have underscored the spleen as the principal reservoir of inflammatory
monocytes from which these cells are mobilized during chronic inflammation (Swirski
et al.2009 Robbins et al2012 Rizzo et al2020).

In order to explore whether neutralization of TNFSF10 could modulate the splenic
inflammatory monocytes, splenocytes stained with antibodies against either CD45,
CD11b and LY6C were analyzed by means of flow cytometry. Frequency (%)-of pro
inflammatory moncytes expressing both CD11b and LY8Tout of the total
CD45" gated cells was significantly higher in 3xAdD spleens, compared to WT
spleens. Indeed, the percentage of splenic CDLYBCM9"monocytes was
significantly lower in 3xTgAD ant-TNFSF10treated mice (Figh panel a).

We have previously shown that Treg cells markers such as GITR and FoxP3,
detectable in the spleen of 3xPd mice, are blunted in the spleen of AD mice
following the treatment with TNFSF10 neutralizimpnoclonal antibody (Di
Benedetto et aR019. To corroborate the hypothesis that such reduction could
correlate with the depletion of Treg in the spleen of 3ATy mice, splenocytes
labelled with antibodies against CD45, CD4, CD25, and FOXP3 were analyzed by
flow cytometry. Results unveiled thattipercentage of CD2BOXP3 T reg cells of

the total CD45CD4" T cells in the spleen was significantly depleted in AD mice
treated with the anrfTNFSF10 antibody (Figopanel b).

Neutralization of TNFSF10 Counteracts Peripheral Immune Exhaustion in 3xTg
AD Mice
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Among T cells dysfunction, T cell exhaustion, marked by upregulated inhibitory
receptors, potentially contributes to pathogenesis and progression of AD (Miggelbrink
et al.2021 Grayson et aR023.

Therefore, with the aim to understand whether treatment with TAHREF10
monoclonal antibody could affect immune exhaustion, the expression of either
CD4'PDI' T cells as well as CD®DI' T cells was studied in spleen samples of
vehicle and aniTNFSF10treated 3xTgAD mice by means of flow cytometry.

Results demonstrated that the frequenc€B#'PD1" as well as CD&D1" cells out

of the total CD45gated cells were markedly augmented in the spleen of vehicle
treated AD mice. Interestingly, in mice treated with AmiFSF10, we observed a
striking reduction in both PDé&xpressing CD4T cells and PD¥xpressing CD8T

cells, confirming that neutralization of TNFSF10 effectively counteracts peripheral

immune exhaustion in 3XT4D mice (Fig.7).

The Anti-TNFSF10 Treatment Reduces AmyloieBeta Plagues and
Phosphorylated Tau Load in 3XTgAD Mice

Inthe 3XTGAD model , similar to human AD brain,
dependent manner, accumulating in -fAddevant brain regions, including the
hippocampus, cortex, and amygdala (Oddo €2@G03 Ono et al2024).

Given the concurrent immunological changes and neuropathology observed in 3xTg

AD mice (Marchese et @014, we investigated whether administering anti
TNFSF10mAb at a late stage of pathology could modulate amyloidosis in both the
hippocampus and spleen of these mice.

| mmunofl uorescence staining revealed exten
organs of vehicldéreated 3xTgAD mice. In contrast, 3xT4\D mice subjected to the

antrTNFSF10 mAb treatment exhibited a significant reduction in plaque burden,
evidenced by der eased t ot al Ab i mmunost &iiming and
both the brain and the spleen (F8gpanel ad).

Elevated tau phosphorylation widely recognizecahological hallmarks of AD

(Rawat et al2022), are closely associated with disease severity and progressively

increase in advanced stages (Telser 2G#3. In this study, we examined whether
administering antfNFSF10 mAb at advanced stages of pathology could modulate p

tau levels. Immunofluorescence analysis showed that whi xpression was
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markedly heightened in the brain of vehitleated 3xTgAD mice, its expression
became greatly attenuated after the treatment with th& BIREF10mAb, as shown

in Fig. 8 panel e, f.

Discussion

Our previous studies have highlighted a significant role of the
proapoptotic/proinflammatory cytokine TNFSF10 in sustaining neuroinflammation in

the 3XTgAD mice. The prominent toxic effects of TNFSF10, which synergizes with

other cytokines, are likely duat least in part, to an imbalanced immune response
triggered by AD accumul ation in ROGLEh the CN
Di Benedetto et aR019. Consistently, the TNFSF10 neutralizing antibody improved

cognitive function (Cantarella et @015, while reducing pathological protein
accumulation, and inflammation in 3x7AP mice when administered during an early

phase of AD (Di Benedetto et &019. However, this time schedule did not fully

reflect the clinical reality of AD, where diagnosis is attained once cognitive symptoms

are already evident (Tarawneh and Holtzra@h2).

In the wake of these observations, the present study aims to investigate whether
administering a TNFSF10eutralizing mAb at an advanced stage of AD, which more

closely mimics the timeline of current clinical practice, could still provide beneficial

effects. Specifically, we explored whether such treatment could effectively rebalance

the dysregulated central and peripheral immune responses as well as the altered re
trafficking of immune cells between these domains in the 3XDgnouse model. In

the AD brain mi crogl i al cell s, activated by AD
neur ons, tend to adopattiavadteddd meme-mdt yicd aks
Colucci and LandretB01Q Miao et al.2023, releasing inflammatory mediators

including IL-1 b ,-6, TNFU ( Smi 2012 amd TNBEIF10 (Huang et &005.

Blocking preinflammatory cytokine signalling has been shown to attenuate
microgliosis (Kitazawa et aR011 Tweedie et al2012 Ou et al202]).

Consistently, the ani NFSF 10 treat ment i nddde&dk o dampe
proinflammatory microglia in the hippocampus of 3xAD mice, alongside with an

i ncreased e X plrieksesdnftammatory midioglia, suggesting its

beneficial impact on micglia phenotype.
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As mentioned above, piiaflammatory cytokines released by C&sident immune

cells critically fuel AD by damaging neurons and other glial cells and compromising
BBB integrity (Merlini et al.2018 Yang et al2022 Zang et al2022 Zhang et

al. 20233, while peripherally released cytokines that cross the BBB exacerbate brain
inflammation through direct neurotoxicity and activation of microglia and astrocytes
(Majerova et al2019 Burgaletto et al2020. The restraint of the immune response
achieved in the CNS through the anNFSF10 treatment was paralleled by a
significant decrease in several pnflammatory cytokines in the brain of anti
TNFSF10treated 3xT¢AD mice. These findings support the hyipesis that
neutralization of TNFSF10 could dampen the overshooting neuroinflammatory
response taking place in the AD brain.

Although the substantial involvement of bragsident immune cells in the
pathogenesis of AD is historically acknowledged, the role of the peripheral immune
system remains still largely debated (Giméh&xt et al.2012. Under normal
conditions, peripheral immune cells are rarely detected in the brain parenchyma (Prinz
and Priller2017. However, growing evidence suggests that peripheral immune cells,
including monocytes, NK and T cells, can be actively recruited into the CNS,
contributing to AD progression by shaping the inflammatory response (Mrdjen et
al. 2018 Castellani and Schwar202Q Ennerfelt and Luken8020. Thus, in light of

such body of evidence which indicates dysregulation in both central and peripheral
immune compartments as a key feature of AD, it is becoming increasingly clear how
AD might be recognized as the neurological manifestation of a systiisgase
(Bettcher et al2021).

To corroborate this hypothesis, we here demonstrated a significant infiltration of a
Ly6C"9" population of monocytes, recognized as-imftammatory (Li et al2022), as

well as of Treg cells in the brain of vehidleated 3xTgAD mice, which dramatically
decreased following arfiNFSF10 mAkireatment.

Whilst robust evidence indicates that circulating proinflammatory P§6@onocytes

are actively recruited by bramterived inflammatory cues and contribute to
inflammatory responses, by releasing inflammatory molecules sucklaplL a n<d T NF
U ( Auf f 2089yGinkoux aadlJung014, the role of Treg cells in modulating
inflammatory responses after CNS injury is still poorly understood and, at any rate,
controversial (Walsh et @014 Duffy et al.2018 RocamoraReverte et al2021).
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The stability of Treg cells in AD has long been debated, as they are suggested to play

a beneficial role in early stages of AD by regulating the immune response and,
somehow, maintaining an immune equilibrium (Dansokho €04l Jafarzadeh et

al. 2023. However, in later stageof thedisease, when embedded in an increasingly

infl ammatory mili eu, Tregs may become unst
clearance, thereby worsening the disease. Furthermore, when their number is
significantly increased in the periphery in condtamce to partial disruption of the

BBB, Tregs may gain enhanced trafficking to/from the brain parenchyma, contributing

to the pathological environment of ledtage AD (Baruch et a2015.

Considering TNFSF10 ability to enhance the presence and the activity of Treg cell

subsets during an overshooting response (lkeda @0H)), the reduced Tregs

infiltration achieved by the anfiNFSF10 mAkireatment implies that targeting

TNFSF10 could be a valuable strategy to modulate Tregs recruitment and
accumulation, detrimental in later stages of the pathology.

Additionally, recent, compelling evidence suggests that the-sp@en axis could be

involved in AD progression (Unger et aD2Q Pakravan et aR021 Yu et al.2022

Wei et al.2022. Indeed, in vivo studies have shown that the spleen not only reflects

the inflammatory status of the AD brain (Di Benedetto e2@L9, but also serves as

reservoir of peripheral immune cells. Specifically, 3»ADQ mice develop

splenomegaly (Marcheseet20149 and di spl ay abundant Ab de
underpinning an impairment of the peripheral immune response in AD (Di Benedetto

et al.2019.

Approximately forty to sixty percent of the brasgher i ved AD fl ows i nto
organs for clearance (Roberts et 28114 Xiang et al2015 with splenic
monocytes/ macrophages a20R), basddylsowp theirk e Ab (
ability t o adopt either -aptovaf ed-ohmaamd vy a
i nfl ammat or y -aocrt ifivad tteedron apthievne2Diy pes ( Mul der
We found heightened expaessvanhedd mpdreoanplta
3xTg-AD mice, significantly attenuated after afitNFSF10 mAkireatment. On the

ot her hand, t he treat ment i nadatciedat ad o i n
macrophages.

The spleen has been identified as an alternative reservoir of"8yG@nocytes,

readily recruitable to exacerbate inflammation at distant sites (Swirski 2004).
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Robbins et al2012. In this line, our study further supports the role of the spleen as a
source of Ly6€9" monocytes in the AD pathology, with a highly represented
proinflammatory Ly6¢9" monocytes population in the spleen of 3x&D mice,
reduced upon ariNFSF10 mAkireatment.

Although the role of spleederived Treg cells in this context is not fully elucidated,
our experiments revealed that these cells were highly represented in the spleen of
3XTg-AD mice. It appears plausible to hypothesize that the spleen could serve as a
saurce of excess Tregs, especially considering its enlarged size (Roman20dtal.

Di Benedetto et ak019 and hyperactivity found in 3xF4D mice (Romano et

al. 2016 Di Benedetto et aR019. Consistently, the increased number of brain Tregs
likely reflects their TNFSF1@nediated abundance in the spleen, and the TNFSF10
related Treg celtepleting effect in the latter, would imply their decrease across all
organs, including the brain.

Thus, not only our observations are well aligned with the changes of the infiltrated
peripheral immune cells occurring in the brain of these animals, but also provide
evidence that TNFSF10 neutralization, by restraining inflammatory cues present
within ther microenvironment, is associated with a rebalanced {s@leen trafficking

of immunocytes.

The suppression of the overall inflammatory response achieved by means of-the anti
TNFSF10 mAktreatment is also accompanied by a significant depletion of splenic
CD4"and CD8T cells expressing high level of PD1, an inhibitory immune
checkpoint receptor that dampen T cell activation and function (Miggelbrink et
al. 2021).

Emerging studies suggest that inhibiting PD1 signaling can improve clearance of
cerebral Ab plaques, cognitive performance
(Baruch et al2016 Deczkowska and Schwar2018, supporting the hypothesis that
targeting exhausted T cells could represent a viable treatment option for AD.
Although the exact underlying mechanism is not yet fully understood, TNFSF10
neutralization, while beneficially affects the inflammatory environment, reducing
proinflammatory monocytes and detrimental Tregs in the spleen, could, at the same
time, modulates cells function. Indeed, chronic exposure to inflammatory signals
(i.e. IFNs and IE6) drives T cell exhaustion (Yi et 2010 Wherry and Kurach2015
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and improving the inflammatory milieu, may help reverse this effect (Yi €0al

Saeidi et al2018.

Given that Ab plaques deposition is a fea
progression (Zhang et @023, and in light of the changes in the immune

environment observeabth in the brain and the spleen, we investigated whether the
ant-TNFSF10mAb treatment could affect amyloidosis in 3xA® mice. We

previously demonstrated that TNFSF10 neutralizatioheretrly stages of the disease
dramatically halted Ab deposition in both t
strain (Di Benedetto et &019. Here, we demonstrated that afNFSF10

mAb administrationinaged3xT§ D mi ce concur to a notable r
deposition in both organs of these mice. This effect might be mediated by the
enhancement of brain microglia and splenic macrophag -phagbcytic function,

potentially based on the ability of the treatment to modulate their phenotypes,
eventually inducing a rebalance of the immune response.

The improvement in brain pathology observed in-alNFSF10mAb-treated 3xTg

AD mice was accompanied by a significant reduction-taipprotein levels. Indeed,

Ab aggregates have been shown to promote t e
directlinklet ween AD and tau in causing synaptic
which are pivotal contributors to toxicity in AD (Ittner and Ga@l1, Rawat et

al. 2022. These findings underscore the potential of TNFSF10 neutralization as a

promising strategy to halt brain pathology, even in advanced stages, by modulating

central and peripheral immune response.

In this study, we focused on male mice to minimize variability in inflammatory

responses, which are influenced by hormonal fluctuations and othespseific

factors in female models (Murtaj et @019 Dennison et ak021). While this

approach allowed us to minimize potential confounding variables, we acknowledge

the critical importance of addressing sex differences in neurodegenerative diseases,
including AD, where women exhibit higher prevalence rates and distinct mikaony

profiles (LopezLee et al2024). Therefore, while our findings provide valuable

insights, extrapolating these results to women requires careful consideration of these
sexspecific immune responses. Future studies including female models will be crucial

to further investigate these défences and refine therapeutic strategies for both sexes.
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Conclusion

In conclusion, TNFSF10 orchestrates sustained central and peripheral immune
responses that substantially contribute to the progression of brain pathology along with
cognitive impairment in the 3xF4D mouse model. Thus, targeting the TNFSF10
system appear® be a powerful tool to mitigate prominent immune impairment and
neuroinflammation, fostering progression of neurodegeneration. Finally, our data
support the hypothesis that AD could represent a central manifestation of a

disablement of the overall immemesponse.
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5, Parkinsonbdés di sease: an overview

Par ki ns on@DB) isdhe ssecansl enost commameurodegenerative
disorder after Alzheimér slisease with a prevalence of more than 10 million
individualsand 25million people were projected to be living witbPy 2050 globally
[70,71]

Diseasemodifying treatments that slow or halt the progression of
neurodegeneration represéim greatest unmet therapeutic neednP2].

PD hastraditionally beendefined as a movement disordeharacterized by
resing tremor, bradykinesiaigidity, as well as changes in posture and tyeit cause
progressive disability and reduced quality of I[fé3]. Despite its motocentric
characterizationit is now well acceptedhat nornrmotor ymptomsincluding sleep
disturbancesmemory loss, depression, pandvisual dysfunctionare frequent at
early stages and affect nearly all patidits 74].

PDseems to result from a coneglinterplaybetweergenetic and environmental
factors Advanced age is the strongest genetic risk factor foraBgtingover 1% of
the population over the age of 60 and the prevalence reaches 5% in individuals older
than 8575].

While most PD cases occur in a sporadic manapproximately6% of all PD
cases are of genetic origicaused by mutations in genes involved in protein turnover
and mitochondriaffunction SNCA gene ( PAS&iutlgin, parkic odi ng
(PARK2), pink (PARKG6)and DJ1 (PARK7) leucinerich repeat kinase @ RRK?2)

[761 78]. These dominant or recessive mutations are associatedamithal, early
onset form of PDwhich manifesbefore the age of 60 yedi&9]. Other risk factors
are: being a male, meare more susceptible than women ahdwhigher mortality
and environmental exposure to toxipssticidesand water pollutanigraumatic brain
injury and bacterial or viral infectiorjg4].

The neur@athological hallmark ofPD is the presence ofytoplasmatic
inclusions generated By-synuclein(U-Syn) within cell bodies Ilewy bodie$ and
axons [ewy neurite}. Considering thaabnormally phosphorylated and aggregated
USyn protein is the major component dfewy bodies, is classified as a

synucleinopathy
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Although U-Syn is a protein ubiquitously expressed in the byaim PD,
conformational changes, including phosphorylation, ubiquitination Gsterminal
truncation lead to abnormalUsynuclein aggregatior[80], causing Synaptic
dysfunction microtubule regression and mitochondrial and nuclear degradafipn

The i sByntpattlogy kay occur in the brain or in the periphiegding
to thehypothesis that PD comprises two subtygebodyfirst subtype whereU-Syn
pathologyoriginatesin the entericnervous system and spreads to the brain via the
vagus nervand, abrainfirst subtypewhere the pathology arisesthe limbic system
or in the olfactory bully82,83]

Macroscopic changes are often remarkable in PD brain, such as atrophy of the
frontal cortex anaénlargement of ventricles. Among these, Ithes of the pigmented
area in the substantia nigra pars compacta (SMpd)locus coeruleusiue to,
respectively, thedeath of dopaminergic neurons containing neuromelamd
noradrenergic neuronis the major distinctive morphological chan@égure 5).

Fig. 5. Pat hol ogy of Parkinsonébés di sease. (A) Lewy bodi
thesubstantia nigra frompostmortemP D pat i ent . Scale bar = 50 ¢&m. Lewy
and substantia nigra (D). Lewy neurites in the hippocan@u$iuman posmortem bilateral midbrain

of healthy (E) and Parkinsonian individual (F) showing substantial loss of dopaminergic neurons in the

SNpc.Rat midbrain after intranigral injection of vehiglg) or MPTP(H) [84i 86].

The impairment of the dopaminergic nigrostriatal system results in the loss of
dopamine neurotransmission, causing the primary motor symg&fhsHowever,
neurodegeneratioalsoaffectsother brain structures (i.e. cortéacus coereleus, the

nucleus basalis of Meynert, the hypothalamus and the olfactory laalding to
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disruption of several neurotransmitter systems, includiogamatergic, cholinergic,
serotoninergicGABAergic, thought to be related to nenotor symptomsf PD [88].

Considering the clinically heterogeneity of PD and its widespread involvement
of several brain regiom reliable diagnostic test is not yet available date,the
diagnosis is based on clinical featurspecificallythe presence of bradykinesia in
combination witheitherrigidity or resting tremoraccording tacriteria that have been
proposed byinternational Parkinson and Movement Disorder Society (M[3S).
Moreover, sustained response to levodopa is consideseppartive criteriorior PD
[90].

In addition to clinical symptoms, imaging techniques such as imaging structural
MRI, PET, and DATSPECT (@opamine transportesngle-photon emission
computed tomographynay help diagnosis in patienidevertheless, the gold standard
for a definitive diagnosis is the peasiortem pathological evaluation of brain tissue
[91].

Notwithstandingthe insights that have been made in the comprehension of the
pathophysiological processes behind, Bilrrent therapeutic options are limited, with
no diseasenodifying drugs thatan halt or slow down diseageogression91]. Most
of the current available treatments for B2 symptomatic, acting on dopamleeels
in the striatunor as adopamine recepta@gonist

More than 50 years after its introductiorthe pharmaceutical markétvodopa
the precursor of dopaminig,still consideredhe most effective and best tolerated drug
to treat motor symptom®2,93] However, levodopa is associated with significant
side effects, due tihe conversion of levodopa to dopamine outside the, @ESce it
is administered in combinatiorwith carbidopa, an aromatic-amino acid
decarboxylase inhibitor

Other commonly used drugs arepamine agonistshat directly stimulate
dopamine receptorsAmong theseapomorphine hydrochloride infusion, formerly
known as SPM830, has been approved by FDARebruary 202%or the treatment of
motor fluctuationsn advancedtages oPD [94].

Monoamine oxidase BMAO-B) and COMT (cathecolO-methyl transferage
are two enzymes involved in dopamine metaboliberefore specific drugahibiting
their activityby reducing its breakdowmesult in increased dopaminerdgwelswithin

the striatum
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Additionally, considering the complex neurotransmitter systevolved, some
drugs used in the treatment of P&rgetnondopaminergic mechanismsuch as
anticholinergicghat act as antagonists at cholinergic receptarsl amantadinean
antiviral drug thahas been shown to improve the symptoms{#5].

Over the past decades, severasedsemodifying drug candidates have
consistently failedo meet the primary end point in multiple clinitadls, yet various

therapeutic approaches are currently under investigg&jn

These includenonoclonal antibody targeting thetCer mi nus of aggrega

synuclein97], deep brain stimulation (DB39r the management afiotor symptoms,
and stem cellsbasedtherapiesthat mayoffer a renewable source of dopaminergic
neuron progenitor cell©8,99] all of which highlight the urgent need fdisease

modifying treatments.

6.l mmune dysregulation in Parkinsonos

Despite some progress on the multifactorial nature of PD, its clinical,
pathological and geneticeterogeneitysignificantly limits the understanding of its
intricate aetiology [100]. Multiple mechanisms have been connectied the
pathogenesiof PD, wi t isynutlein aggregation impaired protein clearance
mitochondrial dysfunction, andeuroinflammationconsidered main contributing
factors[100].

Clues suggesting that immune activation might contribute to PD pathogenesis
and progression derivedim GWAS identifying strong association betweeariants in
genesinvolved in immune functionand the risk of developing POrhese include
human leukocyte antigen (HLAJass Il expresd by antigen presenting cellspne
marrow stromal cell antigen 1 (BSTé&xpressedby neutrophilsand macrophages in
the peripheral bloo@dnd byB lymphocytes in bone marroand LRRK2, a kinase
expressed byperipheral blood mononuclear cel(BBMCs) and microglia,with
established roles in immunifg01 103]

Once believed to be an itestheICHS isndw i
recognized as actively engaged in dynamic neuroimniotegactions,capable of

activatingboth innate and adaptive immuresponsegl04].
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This is reinforced bgeveral studieseporting activation of glial cells in the SNpc
along withelevated levels of inflammatory amplifiers, such adlIb , -6 dnd. TNF
Uin postmortem PD braitissue[105] thatmay trigger or promote neuronal log0].

More recently, infiltration of peripheral immune celsmacrophages and
leukocytes- into the brain, peripheral inflammation, and altered peripheral immune
pattern have been reported, indicating that immune response is systemically
dysregulated82,106]

Systemic inflammation in P& characterized bthe presence of increased levels
of circulating cytokines such as-IL b , -2, IL-10, IL-6, IL-4, TNFU, RANTES, and
INF-2 which in turn communicate with the brain via blood flow causing damage of
BBB integrity [107]. These immune interactions inside and outside the brain shape
disease onset

While it remains uncertain whethaeuroinflammatory responses are a direct
trigger of neurodegeneration in PD or are activated as a response to neuronal damage,
it is becoming increasingly clear thdhe immune systencan amplify the
neurodegenerative cyc]@08]. Notably, PD is now recognised assystemic disease

with notablecentral and peripheralvershootingnflammatory processes

7. Reti nal pat hol ogy in Parkinsonds di sease

PD is diagnosed when motor symptoms are expressed, by that time significant
neurodegeneratioof DA neurons in the Spt has already occurreMoreover,PD is
also associated with many namtor symptomsoften preceding motor deficits by
yearsor even decadesd becoming increasingly severe as the disease prog&&jses
Visual disturbancesand retinal abnormalities axeell establishechon-motor
symptoms of PD, and patients often report them before diada68is These include
decrease visual acuity, abnormal spatial contrast sensdivityolourdiscrimination
recurrent visual hallucinations, diplopia (double vision) and impairments in face and
emotion recognition, as well agular conditions such asy eyes and blepharitiall
of whichhave direct consequences on patientsd
[109,110]
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Morphological and physiological changes that have been detected in the retina
occur prior to the onset of motor symptoms; thus, they might represent biomarkers that
could contribute for earlier diagnosis of HD08]. Moreover, Vsual dysfunctions
appear to beredictor ofcognitive decline, depression and dementia, as well as earlier
mortality. Consequently, as an extension of the CN% retina may reflect
neuropathological changes occurring?B, supporting the retina as a window to the
brainfor early diagnosis and therapeutic monitoringN@fDs [111].

A growing body of evidencbasrepored retinal thinningin the inner retinal
layers especiallydetected bynonrinvasive techniques suchis optical coherence
tomography (OCT,)that correlate with disease severity and durasisrwell asto
nigral dopaminergic degeneratig¢til2,109] Retinal thinning may also be linked to
retinal dopaminergic degeneration, has evidenced by reports of reduced tyrosine
hydroxylase immunoreactivity of dopaminergic callsheinner plexiform laye(IPL)
in patients with PD113,114] Additionally, not only al-Syn pathology occurs in
several retinal layerand positively correlates with the severity of PD, &lgbit has
beenhypothesizedhat U-Syn aggregation can initiate in the retina and spread to the
brain[115].

Thereforeconsidering retina similarities to the brain andaitsessibility it may
serve as a biomarkeand novel noninvasive approach to the diagnosesf CNS
disease$114,116,117]

7.1 Retina neuroanatomy

The retina is @hin (about 0.4 mm in thicknessheet of tissuderived fromthe
neuroectoderm. Iteceives, modulates and converts photons of light to signals and
sends them to the optic nerve and eventually to the visual cortex of thd1di@jn
The effective conveyance of visual information largely relies on the highly specialized
anatomy of the retind 13]. The retina is arranged in different lay@fggure 6), from

the innermost to the outermaseas follows:
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The inner limiting membranethe innermost layer of the retitrdering the
vitreous humarThe nerve fiber layercomposed of axons of ganglion celsich
eventually form the optic nery@19]. The ganglion cell layer (GCL) comprises the
ganglion cell bodieand displaced amacrine cellBhe inner plexiform laye(IPL)
where the axons ajanglion cells synapse onto bipolar selvhile amacrine cells
modulate this electrical conductiofhe inner nuclear laydgitNL) contains the cell
bodies of bipolar cells, horizontal cells, and amacrine fEHN8]. The outer plexiform
layer (OPL)is formed by the axons of the photoreceptor cells and their synapses with
bipolar cells.The outer nuclear layer (ONL) includes the cell bodigshaftoreceptors
(rods and con@swhich transforms input light into electrical currenthe external
limiting membrane consists ghpjunctions between photoreceptor cells and Muller
cells [121]. The retinal pigment epithelium (RPE the outermost retinal layer
composed ch monolayer ofuboidal cellsit supports photoreceptor cgltontributes
to bloodretinal barrier (BRB) maintenanceegulates ion and water transport and
enables exchange of nutrient and waste betvtleerchoroid and the neurosensory
retina[122].

Nerve fiber layer

Ganglion cell layer
(GCL)

Inner plexiform
layer (IPL)

Inner nuclear layer

Y Outer plexiform
‘ layer (OPL)
Ganglion ; Outer nuclear

W layer (ONL;

§ yer (ONL)
Amacrine Muller Glia Photoreceptor
‘ outer segments
Honzontal

Retinal pigment
epithelium (RPE)

RPE Blpolar Cone

Fig. 6. Schematic representation bktretinalarchitectureThe human retina consists of ten distinctive
layers each containing key céijlpesinvolved in phototransductioithese includ@hotoreceptorgods
and cones)bipolar cell{glutamatergic or glycinergic neuronkprizontal cells (GABAergic neurons),
amacrine cells, specialized glial cells (Muller celtsjinal ganglion cedl. The arrow indicates the light
transmission into the retirja23].
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Chapter I

Retinal alterations resemble brain pathology in a rat model of Parkinson's
di sease induced by-synuddnrolgomergr al 1 nf
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a significant decrease of tyrosine hydr o
dopaminergic neur on dasssfoucnicattieodn . miARMMA sy sii 18t
al so revealed hei3@Bpenewthi tbvehseoselmy Rcorr
expresspoadoétédsmol ecul ar t ar glSty,n 0OSI. RT 1, i
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and iuts asaltransl| ational system for- testing
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affecting mottoodi sysuams|[ 8 2gnosed with PD
mot or sympt oms, Il ncluding bradykinesi a, roe
postural instability, mainly attributable t
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[ 21,220,026 Similarly, immune celUSyacthiasati on
been recently described in peripisgmnal bl oo
pat hol ogy and i mmune dysregulation synergi s
wi t hibneyaoondd t he brain [30, 31].

Ret iUSgh pathology has been investigated in
addressed this issue in prodromal model s o
main neuropathol ogi cal br aiUSyfne & towri &s s[pxX]i .c
imhe retina in PD remains uncertain. Mot i\
abnormalities in PD patients and the retina
to determine whether i Bfymacemaebdali nidmufces irc
pat halhagyacteristic of PD. Toe atdalby leissh adirsg

mod el of PD, induced bySywrm®@s inzrlaniagmdli nwnd
whetBym admini stered into the brain could |
t o ptrheev i-dooucsulnye nit elda tPddd pat hol ogi cal <changes

Resul ts

| ncreased)Syat iexplrepsi on followinly intracer e
SynOs

Consi det$yrg ithhaa widely distributed protein
is reported to serve as a mirror reflecting
the impact of the-UBph©OanograhdiSghggeessi oh &
pUSyn in rat retinas.

| mmunofl uorescence experiments redeal ed t h;

SynOs infusion showedlSgnsegprebsesanh iWwnthea
retinal | ayers, particularly the inner pl e
i netheti nal pigmented epithelium (RPE) | ay e

i njectkidg.ratsA,( Ad6) . ThUSymr iamgogirpeaglat m@amk & rn
phosphoryl ation at serine 129 (pS129) of th
intrahi gnf-USym@s oif nHWsgdupB&28 inclusions i
we performed i mmunohistochemical anal yses.
expressiBym ofn ghe outer plexif-B8MN QOPL) an
infused r aot sconmdampdr eddtts ( Fi g. 1 B, B6) .
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Consistently wi t h i mmunohi stochemical finc
confirmed a sigdiSyincambotel eavaxiporssi om | eve
rats receivi-Bgyndsriaceuseboml c éimg arce ke dt a atttse
reilwme t oSypmmasladveal s (Fig. 1 C, Co) .

H-USyn©Osduced dopaminergic disfunction in th
Consistently with theUSengbbeareded eivel sab$
intracdiSgmiOas!l iHfusi on, and the wvulnerabil!i
reported in PD [18,19, 29, 89y nOswei nefxupslioorne do
dopami marg@ine nntegrity in the retina. To t e
retinal sections for-l iTHi,tiwhg cht emtiah yzles bi
dopamine [ 35]. We found a significant red.
hydr oxyl ashee (rTeH)s ynreDeoffusHed rats compared to

reflecting an i mpairment in this neuronal |
reduction was substantially evident in the
Consistently, WB analysis corroborated the

confirmingUSym®dts timé udi on triggered a sign
expression (Fig. 2 B, Bd&).

As a conlSyrdOsoftokicity against dopami nerg
countingebfsTkWi thin the substantia nigra p
significant redudByonDefimseadl|ldansmbercompar e
treated rats, f urmeretri csrnuepd ofritn dhign o sh e( Sabpopvlee

Upregul ation -a$spcedt etteti RRNAsUSiym-Qshe retin
infused rats

Al tered expression pattern of mi RNASs h a\
neurodegenerati ve processes, i ncluding re
identification of mi RNAs assoctiqmdteldwaw t h Pl
network (Fighe3rAxombi ppedirctalt effects of t
targets and associated pathways known to b
targets of each pathway and selecting tho:
signaling pathwayo &®rmedi RNAIi haergseste, swar p
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pat htwmiyRNA network (Fig. 3 B). On the basis
of the two enriched networ ks-b(akkieg. r3 sAc,orBi)n,g

of the predicted I|Iist of putative Asi RNAs, w
( MHR-B5p, -InB3p, -3n83H, -InbbH , -1mli6Ra 5 pl, e tmpagR
mi-R2%Slp, 203D, -2w3P) i n t helSy einifnuasse dofr aH s a
compar ed -ttroe avteehdi crl et s . I nterestingly, out

(Suppl embhieady meEr &R anal yses highlighted a
upregul ati on o fastshorceieatperde dnicRREABD P DhmimR | y mi
1235p, -3n83p, i n t h@&SyrneQsifnuas eodf rHat s (Fig. 3 C

mi 883pg arget molecule SIRT1 USyn®©duced in tl|
i nfused rats

Among the dysregul ated mi RNAs identi fied

upregul ati-6bp ekpme®8Bdn i-BSymQ@ss isnufbyseicare.d T
mi cr oRNA has previously beennfenidmdoviov@l ay
models of PD [37,38]. Since Sirtuin 1 (SIRT
algorithm) [39] and a predicted tafget (acc
388p, we analyzed the retinal expression |
sing fi camsge diecr®l RT1 protein expirefssed, cCo
group (Fig. 4).

| mmunofl uorescence analysis revealed that s
detected in the | PL -B%yn GxsPLi mffustehde rraettsi ncacs!
vehiaoljected rats (Fig. 4 A, Ad) . Furtherr
signiteccaasedin SIRT1 protUSiymOlsev enlfusied trha
relative to the controls (Fig. 4 B, BO6).

Retinal macroglia andUSnimOwmfigy s ed aRdtisvati on
To better understand inflammatory <changes
spectrum of PD neuropathologicalSyprocesse
accumul at iwen e[vdal ,udart]le,d t he extent of retin:
activation, by assessing the expression of

i oni zedbicrmdicnggmadapté4), mokespelkei Ye(lyba
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| mmunofl uorescence analysis of retinal sect

was virtually | imited to the inner margin
ganglion cell l-ayjeecti({ &CLY)ati 9 (Ehgct® A). I n
USy n-Oef used rats exhibited i ntense GFAP i

brightly stained processes extending throug
outer nuclear | ayer (ONL) (Fig. 5 A, A0).

GFAP protein expression was also assessed
expression itSyhPafesedasanps HFig. 5 B, Bo6)
Confocal mi cr ose€lopynmumagdsaimomgl bavhi |l e gen
| ow number of microgli aband@3Hy nsODs fnu s eed irnaatss ,0

demonstrated a mhprokseidt iivnec rceealsles ipnarlitbiacul ar |

OPbf the r@SyinnGssi noffusded rats ( Fi-tgr. e &t ed |, co
control s-1 whemendobaacti vity was | ess pronour
to the GCL, i ndi csapd cnigf iac dpiastttienrcnt , 0 fr engii corno ¢
respeoBBypn infusion. Consistent with these o

a significadt expecresasseoni h eN@ArsDafnuddad matts n
(Fig. 5 D, Do&).

Activation o0#&B talxea sTlam4dd/ Nmf | ammat ory respon:

after intracer4«#€ByablDsinfusion of H
To further understand the inflammdtory pro
SynODafused rats, we investigbBhtaxd st.heCarncfta cvaa

i mmunofl uorescence analysis revealed a sign
in tthenarU®Yyn-Blafused rats asi ncfourspead erda ttso. vSeuh
heightened expression was particularly evi
in the -UPyn-psffuded rats (Fig. 6 A, Ad). F
confir neerde asheed iTMLR4 pr ot ei AJSemiOmd usiean riarn sr ¢
as compar edn ftuos evde hriactlse (Fig. 6 B, B0). The
was al so accompanied by downstreaBm activat.i
evidencedai plyt eérheed hex pr es si-eBh -(0peB )p hiors pthloe y | a
reti n@SyonfOsH used rats (Fig. 6 C, Co) .

Since TdBR4Y/aNFway wulti mately Friensdlatmemaitrortyhe

cytokines production [43], we next i nvest.
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profile. Specifically, WB analysis showed ¢
the inflammat elaywdc INFISIFAL®s (FNF. 6 D, Do) .

Di scussi on

Sever al retinal alterations, including ret.]
dysfunction [14], have been observed in pat
patients frequently dhSlyinbi[tl5t le&]taddu mbledt i
ma keUSyrd aggregation, WByohpmthobogytheé, Br 4
changes suggest that the retina, as an inte
recapitulate the brain neuropathological pr
I n the present study, we demomSynaspethat t
into the rat SNpc induces multiple patholo
resemble human PD retinal patUSylnogini nalbgges

i mpair ment, and confirming the high toxic

mportantly, retinal cltdamgastweaer g eidnveadt impa

reviously shown to exhibit hall marmnk brain

o T

egeneration |l eading td4Swmotanddetucbt safl dep

n both motor anadd3,.chH#]t.i cAalpirveati alnsadwalnt age
in this study liesUBynntépedigh homogedei nhic
in terms of structure and si ze, all owing f

oligomeric protein species [46]. Our result

-~

epor-t#Syry gpggregates in transgenigdimice, S L
[ ABIBSPy]n mouse models [32,48], whUSoym have s
verexpression and retinal pat hol ogy. How

rodromal profile, particularly with respec

5 T O =

eur on dysifrufnlcamment icorn i n the retina and/ o
underscores the need for a nbordaeiln tchoartr ed fafteic
i n PD. Mor eover, ot her studies have report
alteretdhireknesg ndocadt amwde | of PD [49,50].
Our findings show that -U8enOatdiasni gptas  mé ul
bet waSggm aldSd/np in the rat retina,USwinth incr
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(pS129) parti<cukcarllyavyen syoapsese the OPL an
essenti al for photoreceptor maintenance an
studies reported the prefeUSyhi ah abeumiPLat
symsei ch region connecting photoreceptors,
where it causes severe degeneration and ro
visual deficits [51]. Il n such a scenari o,
vul ndrygbidonsi stent wi t h prodrof&lyn PD pat
accumul ation in the UBPE 52 ci hygllomghobsi &
homeostasis and contribute to the visual di
i nvestigatisemoonf tthmamugm t he visual pat hway
study, our findings, tieetBHér wiutppoprteviheus
t halSyHn Os, once infused into the SNpc, may
l i kel y tnheruovagh ctélwensecsomat with the neuropa
of proteinopathiesUSymchlspasi BB, mad&lsectr axi c
Syn, promoting its conversion into phosph:q
spread. This processadopdtthohdgyl|l olkesé¢éheew) d
di stant from the infusion site and even out

Consistently with thelSymonmnmun hedByaOp mas Difor

infused rats, we also observed a significar
While this result is suggestive of dopamin
decase in TH expression does not definitivi
refl ect a | oss of dopaminergic pPfwyemotype o
rel ated toxicity. Thi s observation extend

alter ahe omsaiim of the same PD model [ 21, 22]

USyn toxicity is not confined to the nigros
on CNS dopaminergic networks, including ret
At the molecul ar | evel, our study identifi

recogni zed as key r egiudbat.orSp eocfi fRDc aplaltyh o guneen
significant upregul ati on of three mi RNASs
pat hogamediy-2 faApR -3 p and88%mp Rin the retina
USynDefused rat@7aMoitsabpyediméitRed to target
t hat regul ates spliceosome activity. Dy sr €
reported in ahd BD2Bamiannd 53RRM2 have been
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i n peripheral | eukocytes PD patients and pr
addi tion, an u2p7agg thlasst itad s oo fb einR observed i
of patients affected by Al zhei mer s di sease
neurodegenerative processes.

We al so found a si gnl235cpanitn utphree grueltaitni a no fo f
model , a mi RNA known to regulate neuroinfl a
i n peripheral i mmune cells of patients affe
Not ewort hy, we found a s3i8@mpi faincda na cugprr ceugrurl «
reduction in expression | evel of its mol ec
i nfusedUSwintOrs . HThis finding aligns with pre
upti bk BrRpt es-38Hm iof dmamRami-hiek iYSHneeld ¢ s5al
treated with rotenone [37], a compound wi de
ouirn wmodel of PD, we-388pfiacmed atshat nmigRt i v e
of SIRT1 expression in thel attéed nragt irealnfaode g

[ 60] . The observed downregul ati on of SI RT
hypot hesi R3®Btghamaym contri bute to retinal d
neuroprotective pathways, given SIRT16s est
and oxidative stress [41,61,62].

Building upon our understanding of SIRT1"s

responses, we oOobserved a pronounced macrog
activation, i S ytnfom f uesednasat ef Bs indicate
exprresei oGFARiI mmdndomaacti vity, respectively
whi |l e reti natsr efat @em v el isc |skhionwneudn olr iemict € & i tl Y
primarily |l ocalizedSymDdafhwes &adLratretemhisbiotfe
i ncreaslgosiint ilvbea cel |l s particularly-in the I
specific pattern. Such apparent discrepancy
the dynamic nature of retinal mi croglia, wt
across rdetfifreaclenltayers in refp.8hilsmpdrot apnattlhyo, |
these changes occurred in the USya®©sce of

i ndicating that the inflammatory response Ww
and thaeeddpnnt oxicity may propagate the in

neur al structures such as the retina. These
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H-USy nOs toxicity to neuroi nfl ammatory res
i ncluding those related 21, 2,tH*] and cognit
Such a sustained inflammatory -a&aSmwyi6jddgnment ,

was coupdiegniwi it hamt i ncrease of TLR4 expres.
of tdR tNrFanscription HifSynitOof usaedt h®yseeigonaat
of TLR4, a member of TLR family expressed

including glial cells, plays a cruci al rol e
gl i ai nfplroammat ory r esUSyms easy gtr r6iGchd erJehdu 65y t he
heigbadeexpression of astrocytiTLBAANMI crogl

B axi s datgihywatgihars, t he pivotal role of i nne
retinal infl ammati on. | n dTeleRl4, /oBlgFa s hsvaagi ned
contr iabmuptiei ftgot p mi@nlf | a mmraad foirlye i n PDag as evi (
mar ked i ncrease i n thei refxlprmemati orny ody tdokwnvinrsd
TNBEland TNFSF10 obser-UeynoOosn itmeusedi nat ©f H
Collectively, our study provides coempelling
USynOs initiates a cascade of mul tiple re:
pat hol ogi cal features observed in PD patie]
H-USynOs induces tHBymciconmséaéiah oétipnal | a
expression in dopaminergic cells potentiall
the expreseilanedf MPRNA3S8Epnot abnd gnmum@RRpresse
neur cpriotee factor SI RT1. Thesenmbammat ary st

state, as evidenced by -eBhei gpakpgofgaandnt bé
expression of dyatnodk i hEBSFl1liok e WeNFhypot hesi z
components iertdéowaotar dn U8y, awbeegani on, mi
i mbal ance, and i mmune activation reinforce
Al t hough mechanistic dissection was not th
highlight sever alnvpoaltUieywmypsupetdenetahhy dysf

While further work i1s required to establis
potential, these initial i nsights provide a
Al toget her, these findings not only empha:

monitoring brain neurodegenerative processEe
the molecular and cellul ar mechanisms dri vi

crugiapl bet ween preclinical model s and cl i
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retinads potential as a surrogate site for

mechanistic targets in neurodegeneration.

Materials and met hods

Ani mals and stereotaxic surgery

34 mal eiDapl @gyueizadt ,27BNVI GO RMS S. R. L.,
Nati sone, ltaly) were housed in standard c
humi dity (60 %) under a 12 h light/dark <cyc
standar d &atheorw addl iwoi tum. After deep anesth
and medet omi di ne hydrochloride (0.35 mg/ ki
stereotaxically -USyneQ@st eidntwi tthhes SNpof( cHoor d

bregma; 175.4 mmNaht®rmpofstemi bhe midline; 1T
dura) bilaterally at the rate of 1 OL/ min
ani mal s, i ndicated as vehicl e, received ste

Ani mals were assipgeedi raedemi yexperi ment al
Threent hs-USfyn®s Hnfusi on one group of ani ma
and transcardi addlyd pC.riff uMled®BEn (pEe 7. 4) fo

formal dehyde (n = 5 from each experiment al
Fresh setesnawernre coll ected from a separate
experimental group), which werod dalPB®ES tprrd msc
to tissue collection and stored at 180 AC f
Al | procedures were performed in accordance
the guidelines and protocols approved by th
20/ 10/ 2010) . Experi ment al protocol s were ap

(aut homi 2Nat -PBpH/ 2B20ry endeavor was wundert al
suffering and discomfort while also reduci

empl oyed.

Production of-UBgoaombinant H
Recombi nalsty nhucmEsSiym ) ( lvas Epuue®il mgdpi-asmid pT
7 encoding for the protein as previously de
i nduced with 1 mM I PTG at
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37 AC for 4 h. The cell Iysate was centrifu
CA, USA) for 30 min, and the supernatant wa
an additional centrifugation at 22,000 x g
addedt he supernatant for DNA precipitation
and centrifugation. Subsequently, 360 mglLmL
supernatant t o preci-yhat eThehebt atombi npaenl
resuspendedigi®l ,25pHnM/ . TA and, after dialysis
| oaded onto an anion exchange column (26/1
Heal t hcare, Little Chal fMnNaCIUKgt am drea ceil aurt’
purification was nagc Isiiezwe de xleyl ussppn chr omat o
Superdex 75 preparation grade, GE Healthcar
by &PMWNSE, and the protein concentration was
275 nm using an éxbBieWkOfdon coefficient o

Puri fi caldSyonnOsof H

Toxic oligomeric samples were -(pSryenpaassd fr ¢
previously described [46]. Lyophilized prot
of 7.4 and a contlentthen i mpais Démh 120 tmyfLimif al De
before incubation at 37 AC for 24 h withouit
removed by wultracentrifugation for 1 h at

removed using sevherladO fkiDda raut ofnf smermpbsr am s
t he piuonfpracedure, and prior to intracereb
for endot oxin contaminati on via the LAL

(Kairosaf e, ltaly).

Bi oinformatics analysi s

To identify microRNAs (mi RNAs) putatively d
model, we conducted a |iterature search to
we identified the r ati -BR28Bmpl ong RRBpsegqumence (
mi-B83p; -mi B&DHp; r-hbo@pR -mi Re t5pg -mi R& 5 b

5p; -mi RBa-2p; -mi RA-Ap) . Subsequentnli WPaubi wg 3DI ,
(accessed on May 2023), we analyzed these
their combinateriealt ¢fargets omedi f associ at e
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i mplicated Iin tthepatdhwepseet Wo mkmiNRARBaetdh on DI
v.3 was constructed and analyzed using Cyto
pat hway identified in the preliminary quer
filtermedefomvbl ving at | east one member o]
Subsequently, an i1 nmieRRa&t Is eva.r¥ hwavs t e rDfl ArNme
pat htiwmiyRNA net wor k. Centrality metrics anal
using Cytoscape v.3.7.0.

mi cr oRNA extraction, c¢cDNA synthesi s, and qP
Retinas were extracted from the ocul ar gl
(Ambi on Biosystems, Austin, TX, USA) . Sampl
subsequently transferred to 180 AC. Tot al R
conducnegedTRIsZz ol Reagent (I'nvitrogen, Life
foll owing the manmud aict arr ea e ey NGAf dyedl le ynakasg. e 1B
was added to the aqgueous phase of each sam
density of RNA samples was measured with
(Ther moFi sher Scientific I 806.npgMaf US&Aal Fo

RNA was retrotranscribed with TagManE micrt

( Ther moSdiserretri f i c Il nc. , Cat . No. 4366596)
i nstructions. Mi RNA expression was =evaluat
(ThermoFi sher Scientific Inc., Cat. No 4427
(I no UNG (Ther moFiather N&ci4de@dt0iOf4i39 . | Mdh e,

mi cr oRNAs (mi RNAs )-miwR 2-25 pa n(aalsyszaeyd : 1 D:n 046416 ¢
rnormi2zBBp (assay | bni BBEP2I1&)ks,s &502d Pni -ROD 2

155p (assay |-Di-R@&P5 11)s,s arynd -Dertdd 0(4a6s8s)ay r no
| D: 0003w M)2,Blpr nassay | Dmi -RO7€a@ 4 4(9a)s,s aryn ol D:
000408Mi,R7%*apo (assay | D:-1@0p2 4(4a5s)s.ayT hleD:miORD 0 3 9
ued as an endogenous contirmé POR WwWhe oaa&ar miae
on a 7,900 HT Fast Re al Ti me PCR System (.
Di fferentially expressed mi RNAs were ident
changes qpaft tmee hdid .
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Ti ssue homogenization and protein extractio
Retinas isolated fBymOs adarsd i mqg retcrt eeld rwa tt h we
i eccold Hankés balanced salt solution (HBSS:
KH2PO4, 0.34 mM Na2HPO4, 4 mM, NaHCO3, 5 mN\

extractilont,i sseiteisnawer e |l ysed i n RI PA buf f
phosphatase inhibitor mixture (ThermoFi she
(three pulses of 2 s each). Af ter soni cat.i

14,000 rpm for d10 hmnei nsuapter 4afA@ntanwas col | e

concentration of the supernatant was detern

Western blot analysis

Equal amounts of protein XYW aRBABE (@edl sOg)
and transferred onto Hybond ECL nitrocellu
Chal font, UK). The membranes were bl ocked f
or 5% BhSoAs pibnatger ed saline piTys G.ox % pTwerean y
antibody react$Syoms( Cal Ir adibgrnalainng Technol og
USA), or -pUSvambb(iAbaarm, Cambri dgeéel, (Mé&y ckor a

Mi Il Ilipore, Burlingto+#,l RVNMA, (B8A),a &€r ua Baohie
l nc. , Santa Cruz, CA, USA) , or a mouse GFAF
rabbi-lt ( Tthbear moFi sher Scientific l nc. ), or

Bi otechnol ogy | naB. )p,650r( Saannt ab ICirtu za BtiioNNFe c hn
rabbi-gNBBnNntpi65 (Santa Cruz Bi ot edMNiol ogy I n
antibody (Santal@cu, BooTMESRIDMO gwernd iaddeo
membr anes and incubated overnight at 4 AC

membr anes wer e -Twanhde ¢ rwibteld FBS 1 hour at RT
hor ser adi scho npjeurgoaxtaedda saemoours ea ptgiatanlt g G ant i bod
(Amersham Life Sci ence ;t uBouuclbkai ant gohna nfsShainrtea, CU K

Bi otechnology I mol) twenwerudegd tdhe @aoammtunt of
gel s. Foll owing anot herT,r oduhned pofotwa shibnagn d
vi sualized wusing enhanced chemiluminescenc

captured using the iBrihghtmoFL @0 ISmaginngf
Densitometric anal ysi s of band i ntensity

| MAGE J software (https:/ /i magej.nih.gov/i
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uncropped western bl ots. Detailed informat.i
i n Supplementary Table 2.

| mmunofl uorescence staining
After collection, eye globes were fixed in

with a pH of 7.4 for 2embaddedometiempler i o ¢

slicedemi sect bons and placed on glass slid
r e haytdiro n, ti ssue speci mens were treated as
adjust ment s. Briefly, after antigen retri e\

citrate, -DOO5PHTHe@N through microwave trea

wer e wawihceed for 5 min in PBS containing PB
(PBIS. Subsequently, they -wefrer bl olckwerd atn RT
humi d chamber, and then incubated overnight

primary antiitbh ddfiyteis :( C&l 1 atBh gnal i ng Technol ot
anp@Syn (Abcam), -ToHr (aMemailks eMidntiip®IrRTY1L or a
(Santa Cruz Biotechnology Inc.), or a mouse
or a rdbb(iTthelrmaFi sher Scientific Inc.), o]
Bi ot echnoHoorg yf Ilunocr.eys.cence detection of the
washes i n PBS of 5 min each, sections we
fluorleaslwelned secondary antibodies (Ther moFi
RT in the damekht 66¢geT&hlpel 2 for the detaile

Finally, for staining of nucl ei and stabil
washed with PBS, covered with mounting medi
Si gMmladr i ch, Mi Iseerc,ur edalwi )t hamd coverslip. D
acquired wusing a confocal | aser scanning

Mi crosystems GmbH, Wet zlI|l ar, Ger many) , usi n
using I maged software. Meas Gsedreecematuhbt
intensity of the I mmunofluorescence signal

bit, inverting to grayscale, and wusing the
val ue of the i mages wa serneearturarde d 6c90v.e rTaog &

i mages were fi-bst goayecakd, tand6using the
function, the positive stain€delkrea@aountthe,

after conweorltoirng mdaigtegldaeca yashddla appl yi ng the a
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threshold to highlight the structures of 1in
stained cells were counted using the AAnaly

Brain TH i mmunohistochemistry and stereol og
After perfusi ofmi xe&d aowneasr rwieg let piePsBt3 %a mpdar af or
stored inPBS1&t NaANAC. -Comhs edku esretrliya,l 4Ccti o

mi dbrain were cut using a Vvibratome. Secti
serum andcubheaetned with a -THol (ylc:l IomGd, rMiblbliityg
Burlington, MA , USA) pri mary antibody. Th

bi otinylated secondary ant i-biodgyd rmomnxd daiseual
compl ex (ABC, Vech odj3a@thkKnomenlzaldd rniwd i ,Si ftma
Loui s, MO, USA) as a chromogen.

TH mmunoreactive neurons were counted bil a
described [70]. The counting was perfor med
System Pl anning and Anal ysi s, | nc. , Al exan
mot oragedo#Htta OBX¥Y mpus | ight microscope (Ol yn
tot al nu-mbertowveTEel |l s was estimated using
This method combines the optical di ssector
providi ngsad esbi mati o objebesnumbgar off e 3
shape, size, and orientation [71]. Systemat
of interest was achieved using the "Stereol
counting@gfrfamemeamlela. =Thed sampling fraction
magni fication, and cells were sampled usi ng
specified demptghuawidt zome2 The coefficient |

estimation ahdoaniDmAb tan@ed.

Statistical Analysis
I nvestigators that carried out treatment a
group identities were revealed only after

analyses. A |l ow difference between the mear

D

withhe groups was expected and sample size
analysis calculations using G*power softwar

or corresponding samples included weight I
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di stress. However, within the monitoring of
ani mals or samples met the exclusion crite
statistical anal yses wer e carried out w

(https:// www.grapphpadac)emhstcsmitiesStc ng norm

homogeneity of variance of the data, a para
or non parametric unpaired t test was arp
means N Standard deviation (SIDds, famdn talhr d @

technical replicates.
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Figure 1: Intracerebral infusion of H}SynOs leads to pS1A9synuclein accumulation in the retina.

A) Confocal mi croscopy i ma§yeantibodly. Orig;mal magmification,] i ces st a
x40. Scale bar = 50 -SYmexpressivin th@lRlaand RPE fromddtSyn®s of U

or Vehicle infused rats, presented as mean fluorescent intensity (MFI). Data are expressed as means +

SD. P values are based on ttailed unpaired t test. B) Confocal microscopy images of retinal slices

stained with pS12Usynuclein antibody @Sy n) . Ori gi nal magnification, x4
B6) Qu ant i-USyneeptessiomin tie fOPLpand RPE frort#$ynOs or Vehicle infused rats,

presented as mean fluorescent intensity (MFI). Data are expressed astrS&an values are based

ontwot ai |l ed unpaired t test. N -Syn0$%); 5andepandeht setinpler gr oup
sampl es. C) Repr esent a-Synam phSgnsptomwin expréssion in retinalages o f (
lysates from H}SynOsor Vehi# i nf used rats. Co6) Densitometric anal
expressed as means + SD. P values are based en@wiol ed wunpaired t test. N = 5

(Vehic I-S@/nOa);nSdnddfjenQent retinal samples, 2 pooled retinas per samplehogreap.
*p O 0.05, **p O 0.01, ****p O 0.0001.
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protein expressiom retinal lysates fromH}Sy n Os or Vehicle infused rats. C6
of Western blots. Data are expressed as means + SD. P values are basethidedtwopaired t test.
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Figure 4: miR-384-5p-target molecule SIRT1 is reduced in the retina éf-BynOsinfused rats. A)
Confocal microscopy images of retinal slices stained with SIRT1 antibody. Original magnification, x40.
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independent retinal samples. B) Representative western blot images of SIRT1 proteisi@xpnes

retinal lysates from ISy nOs or Vehicle infused rats. B6) Densit
Data are expressed as means + SD. P values are basedtoratvd ed unpaired t test. N

group (Vehicle andﬂSypOs); 5 independent retinal samples, 2 pooled retinas per sample of each group.
**p O*V*®W1Q 0.001.

94



A GFAP/DAPI

Vehicle

a-SynOs

A B B' g
o : 3 150
& 30 Vehicle «-SynOs = skokok
: it % —
20 L5
E GFAP | S | 50D o £ 100 i[
£ — £s :
= 10 C e
= 32 s
g 0 Bactin | S W | 4202 3 =
Vehicle a-SynOs g‘ 0!
= Vehicle a-SynOs
c Iba-1 Iba-1/DAPI] INSET

Vehicle

a-Syn0Os

D o
=
B 120 o
Vehicle «-SynOs & X
RN A < _ 10
[ =
=)
Iba-1 | s o | 17 kDa EE 100 {rr
25
£5 90 !
M 20
g;‘e a0 o*
P-actin | s— 42 kDa a= <
[l
g
=

L
Vehicle a-SynOs

Figure 5. Enhanced retinal macroglia and microglia activation following intracerebridByhOs

infusion. A) Confocal microscopy images of GFARined retinal slices. Original magnification, x40.
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Quantification of percent area coverage of GFAP staining in the retina frohSyhOs or Vehicle
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Representative western blot images of GFAP protein expression in retinal lysates-8@yn®s or

Vehicle infused rats. B6) Densitometric analysis of
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P values are based on ttailed unpaired t test. C) Confocal microscopy images of retinal slices stained

withlbal anti body. Original magni fication, xd0. Scale

area indicated in the fuicale image. D) Repsentative western blot images of {bgrotein expression
in retinal lysatesfromHJSy n Os or Vehicle infused rats. DO0)
Data are expressed as means + SD. P values are based-tailegvonpaired t test. For IHFN 5

Densi

K

t

animals per group (Vehicle arldSy n Os ) ; 5 independent retinal sampl e

animals per group (Vehicle arh]HS‘ynOs); 5 independent retinal samples, 2 pooled retinas per sample
ofeachgroup* p O*O0 p0O®», 0.001, ****p O 0.0001.
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Figure 6: Activation of the TLR4/NFeB axis and inflammatory response in the rat retinas following
intracerebral HJSynOs infusion. A) Confocal microscopy images of Tkfdined retinal slices.

Original magni fication, x40. Scale bar = 50 Om.

OPL from HU-SynOs or Vehicle infused rats, presented as mean fluorescent intensity (MFI). Data are
expressed as means = SD. P values are based dnilebunpaired t test. B) Representative western

Ab)

blot images of TLR4 protein expression in retinaldies rom H})Sy n Os or Vehicle infused

Densitometric analysis of Western blots. C) Representative western blot imaghis-ai @nd NeB
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analysis of Western blots. D) Representative western blot images ohTatE TNFSF10 proteins

expression in retinal lysates from@Sy n Os or Vehicle infused rats. Do)
Western blots. Data are expressed as means + SD. P values are basethbedtwopaired t test. For
WB analysis N = 5 ani tynhGs) Spnelependentoetinal sgmpleshipoole and

retinas per sample ofeachgrotpp O 0. 05, ****p O 0.0001.
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General discussion and conclusian

Once considered an immupevileged site, the CNS is now recognized as an
actively regulateccompartmenby the immune systerfl04]. The CNS is actually
under constant immune surveillance in physiological conditions, and upon injury, the
brai nds r e gheartivatien ofCNiSeekideniéasand the influx of different
immunocytesc ol | ecti vely constitutismgofmeumhei bf ain
[124].

Several neurological disorders are associated with neuroinflammatiene
while it is initially protective, ultimately fuels neurodegeneratiocluding multiple
sclerosis, stroke and neurodegenerative diseases such as AD [@&d1®B,125,126]
Although differences in diseasspecific mechanismsAD and PD shareertain
patterns of pathological eveniscluding agerelatedincidence aggregatiorof altered
proteinsin neuronal cellsthe spreads dbxicity all over different brain ared$27],
and most interestingly, a sustaineeturoinflammatory cascadeAn improved
comprehension of thlatteris crucial for advancingeffectivetherapeutidargetsand
diagnosticsstrategies.

AD is increasingly recognized not only as a disorderawiyloid and tau
accumulationbut also of chronic inflammation, as evidenced by sustained glial
activation, cytokines releasand enrichment of risk variants key inflammatory
genes and immune pathwdg®,49] In this light, approaches aimedtatgetingthe
dysregulated immune resporae emerging as promising strategieshe evolving
landscape of AD treatme[it28].

Specifically, cytokines a group of immunesignalling molecules thatmediate
cell to cell communication and contribute to inflamrogt processesrepresent
potential targets for therapeutic intervention due to their role in shaping AD pathology
[129]. Among these, TNFSF10 is a pleiotropic cytokine belonging to the TNF
superfamily, proven toset into motion and sustain neurodegeneratsbated
neuroinflammationn the pathogenesis of several immunological disordedio act
asa connector of peripheral immune response with the degenerating inflamed brain
[9,59].
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Given these premisgshe first approach mrsented in Chapter aimed at
neutralizingthe cytokineTNFSF1Q consideringts orchestrating rolen key events of
the inflammatory/immune responseth the goal of assessing the impacadvanced
stage of AD.

To accomplish thisask we employed 3xT-gAD miceat12 months of age, when
the pathology is already webstablished130,131] andthey were subchronically
treated with antifNFSF10 monoclonal antibodwhich, as previouslghownby our
group, has the ability to penetrate the brain and to directly neutralize the TNFSF10
pathway[63]. TNFSF10 neutralization promoted a switch in microglial and splenic
macrophage towards an amtflammatory phenotypeas demonstrated by theduced
expression of thprainflammatory marker CD86, inversely related to levels of the anti
inflammatory marker CD206 Furthermore the treatment decreased
CD4'CD25'FOXP3 T regulatory cells as well as the number of
CD116LY6C"" proinflammatory monocytes in both the brain and the spleen of
3XTg-AD mice, paralleled bylower count of spleni®Dl-expressing T cellsSuch
restraint of inflammatory/immune response correladgth dramatically reduced
burden of amyloidn both organs ang-Tau in the brainTNFSF10 neutralization
effectively re-balancs overshooting central and peripheral inflammation, mitigating
AD progressioreven at advanced stages of the disdaghlighting its potential as a
noveltherapeutic targdor intervention in AD

As an extension of the CN$he retina has been historically considered an
immune privileged site within the eyk.sharessignificantfeatures withthe brainin
terms ofembryological origin anatomy, functionalitydevelopmentand immune
respons¢lll]. As a corollarysome of the blanketssumptionsf immune privilege,
the mechanisnto preserve the integrity ofulnerable organshat require tightly
regulated interactions with thexmune systenmhave also beerascribedo the retina
[132]. Several neurodegenerative dideis havemanifestation in the retina, antual
impairmens often precede conventional symptoms of such CNBasgie§l14].

In particular, vsual disturbances and retinal abnormalities are well established
nonrmotor symptoms of PDegften preceding clinicatliagnosis[108]. Moreover,
recent findinggevealthe spread of proteiaggregatewithin and beyond thbkrain, as

evidenced, folinstance by the presence aqf-U-Syn inclusions inthe retina ofPD
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patients This suggestsalong with the occurrence daffiltrated immunocytesan
alterationof BRB integrity[133,134]

Based on these premises, the second part of the gtadgntedn Chapter I
aimed at establishing the neuropathological basis of retinal dysfunction and the role of
U-Syn in retinal pathology of PD

To address this objective, we employed a estiblishedat modelof PD,
induced by intranigrabilateral infusion of toxic H-U-SynOs[135]. The retina of rat
infused with H-U-SynOs showed increased expression mi}Syn along with a
significant reduction intyrosine hydroxylasgositive TH*) dopaminergicneurons
thereby mirroring brain PD pathology in th&Npc. Moreover, investigating PD
associated miRNAs in the retina, we obselveightened levels of mi84-5p, which
inversely correlated with the expression of its predicted molecular target, SIRT1
Consistat with these findingsinfusion ofH-U-SynOsinduced aobustinflammatory
responsewithin the retina as evidenced by enhanced expression of microglial and
astrocytic markey and heightened proinflammatory cytokine signallif§NF-U ,
TNFSF10)downstream ofthe T L R 4 / NoktlawRy.Thesealterationssuggest that
the retina, as an extension of the CNS, maythfully recapitulate brain
neuropathological processesd thus could serve as a peripheral site for early
diagnosis antdmely, more effectivelierapeutic interventiom PD, furtherreinforcing

the concept of the retina as a window into the brain.
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Appendix

Employing human induced Pluripotent Stem Cells (hiPSCs) derivedn vitro

models ofthebloodb r ai n barrier for modelling Al zhei

As part of my Ph.D. progranh,spent a research period abroad atTtheodor
KocherlInstitute, University of Bern(Switzerland)under the supervision of Professor
Britta Engelhardt During this time, | was involved in an ongoing project under the
guidance of Irina Borovko, contributing to the development oharitro system of
the bloodbrain barrier (BBB) for modelling Alzheimer's dised#dd) using human
induced Pluripotent Stem Cells (hiPSCRBharticularly, the main objective of the
project was to develop an entirely isogenic neurovascular unit (NVU) model using
patientderived hiPSCs to study BBB dysfunction and to investigiageimpact of
ApoE4, themost significant genetic risk factor for sporadic Aih BBB properties
This project is embedded infliEUROSTARS project coordinated by the company
Neurix SA (Geneva). Additionally, StrataStel8TD supplied hiPSCs from AD

patients and healthy individuals

Introduction to the Blood-Brain Barrier

The BBBiIs a highly specialized structure that @aycrucial role in maintaining
CNS homeostasis, separating the bloodstream from the CNS parend3@yi87]
To protect thedelicate environment of the CNS, the BBBghtly regulates the
exchange of molecules, metaboljtaad nutrients, and actively limits the infiltration
of pathogens, large molecules, inflammatory cues and peripheral immune cells
[138,139] These protective functions are attributed to brain microvascular endothelial
cells (BMECSs), which areonnected by tight junctions and adherens junctions. Tight
junctions seal adjacent BMECs ardnsistof transmembrane proteinsuch as
Claudin5 (Cldn-5), occludins, angunctional adhesion molecules (JAMwg)hich are
anchored tdhe actin cytoskeleton through the scaffolding protein zonula occlidens
(ZO-1) [140]. Adherens junctions maintain cell-to-cell adhesion between
neighbouringBMECs andare mainly established bythe transmembrane protein

vascular endothelial cadherin (Mtadherin), also supported byther adhesive



proteins such as platelet endothelial cell adhesion moleculel (PECa#&tlknown

as CD3)[141,142] The development and preservation of BMECs barrier properties
are largely maintained through multifaceted crosstaithh other CNS cell types,
particularly pericytes and astrocyfd<l3]. Together with the associated extracellular
matrix, these cellform the NVU where their interactions are essential for maintaining
BBB integrity. As a matter of fact, pericytes are mural cells that pretidetural and
functional supporiand contribute to immune responsgst3]. On the other hand,
astrocytesin addition to their supportive rolepntribute to BBB maintenance through
the release of variousgnallingmolecules that modulate BMECs and barrier function
[143,144]

BBB integrity may be disrupted by neuroinflammatoglements of the
unresolved immune responseeleased by CN®esident glia during pathological
conditions or by excessive and dysregulatgzeripheral mediator4138]. BBB
dysfunction is increasingly recognized as a key contributor to AD and has been noted
as an early signpreceding the onset of dementia or neurodegenerfitis 146]
highlighting the urgency to furthend under st
its potential as a therapeutic tardatthis context, genetic factors such asiioéorm
U 4 Apofipoprotein EAPOE4) have been linked to BBB breakdo\ias).

Pathophysiological role ofApolipoprotein E in AD

HumanApoE is a 299 amino acid glycoprotein that mainly serves as a lipid
transporte, mediatinghedistribution of cholesterol and phospholipids throughout the
body [147]. It is produced in several organs the periphery ApoE is primarily
expressed by hepatocytes and macrophagethe liver, within the CNS it is
independently produced from peripheral Apbi astrocytesactivated microglia,
vascular mural cells, choroid plexus cells, andder certain conditiong)eurons
[148,149] Althoughhuman data are limited\poE expression within the NVU has
been attributed tastrocytes and pericyt§ss50,151]

It exerts its function by bindindpw-density lipoprotein (LD, very-low-density
lipoprotein (VLDL) andLDL related protein 1 (LRPIjeceptorsywhich mediate®\ b
clearance in brain parenchyifi®2,153]
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Human ApoE exhibitthree major isoformsApoE2,ApoE3, and ApoE4hat differ at

two amino acid position$12 and 15&n chromosome 19nvolving the substitution

between cysteine and arginidpoE3 Cy s 112/ Argl158) is the most
the  geaned7’7ss% of the popul ation[l®phdApeERonsi d
(Cysl112/iCGy sra®&@Ba ri rrai pnpgr o x i5Mia tioahldyi v jlsbjias s

bel i eved t oagbaei npsrto tAelbyt granting hooegefficient B
clearancg156]. ApoE4 Ar g112/ Asgi®8nhd in nearly 13% of
yet approxi mately 40% orecoayofthéhdlelefla7l. i ent s c a
Notably, carrying one copy increases disease risk upfedd3while carrying two

copies increases the risk up to-foftl. Additionally, each copy of thé# alleleis

associated with a reduction of the age of AD onset by aroingearq158].

The singl e ami nsoomoancgi dt hseu bisssa ftaurtmso ndr a ma't
ApoE structure, thereby modul atl5%160]i t s r ece
While ApoE plays a pivotal role in synapse formation and tissue repair, maintaining
cell membranes, the ApoE4 isoform compromises neurons and synapses stiueture,
to its impaired cholesterol transp¢i61]. Additionally, ApoE4 has been associated
with earlier onset, increased overall burden and wider distribution of amyloid
pathology[{162,163]and has been shown to [l6d#crease t ¢
MoreokpoE4 has been cdoeemtornisbtutaetsedt & ocer ebr
dysfunction and uBBB mabtreelayk dbwmadi ng t o C O
[12,165,166]

Project overview

Al t hough BBB dysf urmpattiheod foejastcuadl e ¢ o mmomma n y
neur ol ogical disorders, its 8hdgrihgiasge mech
progreemanns poo.Tlhy sunderduuteqodcdat | east i n p.
of both currently emphlvayteybs taenmanya |l n omo dfed Isl vy
recapitul ate the complexity of human pathol
of BBB bi opld67463)I aau tt hp ssi esscdeenraiirvnieodmiotie d & C
of BBEB gained significant attentBBoBh as a
breakdown in neurfd@egenerative di seases
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APE3n@&D patients hPh@dézygows di og At o el evant
i nvestigate the rol&nadfi Apo&Ednioni BBBi bntegr.
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resuspended in FACS buffer, rarmdashttiabionde de sat
for | abglhlti pgadche vemmadc pdichice g iomrs mol ecul es.
and unstained controls were included. After
Attune NxT Flow Cytometer

BMEGderi ved hi PSCs showed high -5e,xpressio
occludin) and adicedhensQDBadm ctybaki (evEsti mul
EECBMECIi ke cell s exhibiteld exprugssigarn,atwle
VCAM expression was uhegpectedgtyknote rcoduoe
or stimulation with ot her eGMamae-t VEAMmay
expreAsiexpect2zedwasl CcAovhst i tutively expresse
cellVl¥Fi g GA) e

EECHBMECI| ke weeghulrst hammd yesiedmumy f | uor escenc
st ailnn nWEECMBMEC-like cells were seede@x10* cells/well) onto 4:1:5
collagen IV/fibronectin/watecoatedl2-well chamber slideells wereunstimulated
or stimulated withdonormatched CMfrom SMLCs with or without TNF-U ( 0. 1
ng/mL) and IFNo (2 | U/ r20h) Livd-cellr staidir§) was performed by
incubating cells with primary antibodies for 15 min at 37°C, followed by fixation in
1% PFA For junctional protein detection, cells were fixedide-cold methanol {
20°C, 20 s)Cells were blocked, incubated with primary antibodies f@&H atRT,
washed, and stained with fluorescent secondary antibodies and DAPI. Slides were
mounted and imaged usiagNikonEclipse N+U microscope

Upon stimullatwasn,exp0CAeMssed in a strong a
with no detectable gaps in the exnprodehilonl
was abseadherMEn st aining revealed a robust
patjtwartrh uni f orcno nmad rsdleaayterwi t h i (Ftiagcutr ebar r i e
4M).
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Fig. 4A. Representative immunofluorescantagesof EECM-BMEC-like cells for tight junction
and celladhesion molecule€ells wereuntreated or stimulated with doraoratched SMLECM or
withCMplusTNFU (0. 1 ng/-anL() 2 aliN8/ ndrisihnulated. Scale bari=0 0 . Om
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Before proceedingwith fixation and staining, & measuredransendothelial
electrical resistancéTEER) on the same Transwell filters used for the permeability
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net resistancég xcn¥) of the cell monolayers, TEER value of an emipisertwas
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After the permeability assagnd TEER measurementranswell filters were

fixed with -20°C icecold methanoland cut. Filters were blocked and stained for



junctional molecules to evaluate monolayer confluenuyunted and imaged usiag

ZeissAxioObservemicroscopgFigure 5A, ©).
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Within the NVU, pericytes regulateascular stability andnfluence BMECs
molecular phenotyped 73,174] To furtherrefine the hiPSCalerivedin vitro BBB
model, hiPSCs were differentiated into brain peridie cells (BPLCs)Specifically,
hiPSCs were differentiated into BPLGaith functional characteristic of brain
pericytesyvia neural crest (NC) cells intermediagmploying the method developed

by Gastfriend and colleagug¢s75]. Initially, hiPSCs were differentiated into p75
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NGFR'HNK-1" neural crest intermediate, mimicking the developmental origin of
forebrain pericytesover a 15day period. At day 15, p/EGFR" neural crestells
were isolated via MACS. Subsequently, fNGFR" neural crestells were cultured
for6-9days yi el di ng NG2 PDGFRD BPLCs.
The resultingneural crestells and BPLCs were subjected to flow cytometry
analysego verify the quality of the differentiation processBsiefly, neural crest
cells-derived hiPSCs were seed@il | $cd0e | | sd wed 8 sybbkttomupdat e,
washed in FACS buffer and agamstp/®SN@RReamd wi t h pr
HNK-1 for 30 min at 4°C. After incubation with secondary antibodies, cells were
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Fig 6A. (@) Representative gating strategly) Flow cytometry plotshowing p7SNGFRandHNK-1
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At day 22 of the differentiation protocol, BPLGgerived hiPSCs were dissociated with

Accutase and passed through a &40 cell strainer. Cells were seed@@l I & 0

cell s/ well s)boint @@ npdle dsiteayi mwerdd wi t h pri mary a
NG2 or PDGFR or corresponding isotype controls for 30 min at 4°C or left unstained.

After incubation with secondary antibodies, cells weashed and analyseds i ng an
Attune NxT F(FowuQet dhet er

Fig. 7A. (a) Representative gating strategh) ?l ow cyt ometry plots showing NG
expression in hiPS@erived BPLCs for each donat day 2 of the differentiation process



