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Abstract 

 

Alzheimerôs disease (AD) and Parkinson's disease (PD) are the two most 

widespread neurological disorders and currently represent a major and growing 

public health challenge, with extreme unmet needs, substantial disease burden and 

poor therapeutic options.  

These neurodegenerative diseases (NDDs) are characterized by many shared 

key pathological features, including the selective vulnerability of specific brain 

regions, the accumulation of misfolded proteins and persistent and chronic 

neuroinflammation. Traditionally, the accumulation of misfolded proteins 

(amyloid-ɓ and tau in AD, Ŭ-synuclein in PD) has been considered the primary 

cause of degeneration of cognitive and motor functions due to loss of neurons in 

the central nervous system (CNS). However, recent compelling evidence has 

highlighted the central role of neuroinflammation, which not only supports the 

progression of neurodegenerative diseases but can also cause the buildup of 

aggregates at the earliest stages of the disease process.  

Neuroinflammation is associated with chronic activation of the immune cells 

resident in the brain, peripheral immune cell trafficking across the blood-brain 

barrier, and release of various mediators of the inflammatory/immune response, 

including IL-1ɓ, IL-6, TNF-Ŭ and TNFSF10. Among these, TNFSF10, substantially 

expressed in the AD brain, has been shown to modulate both the innate and the 

adaptive branches of the immune response in AD. These mediators are produced by 

resident CNS glia (microglia and astrocytes), 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 evidence suggests a significant non-CNS dysfunction in their 

pathogenesis, extended to peripheral organs/systems. This bidirectional interplay 

is supported not only by the infiltration of circulating immunocytes into the CNS 

and the activation of peripheral immune responses, but also by the observation that 

peripheral organs mirror the inflammatory status of the brain.  

Interestingly, as an extension of the CNS, the retina may reflect 
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neurodegenerative brain pathology, and visual impairments often precede the 

classical clinical symptoms of such CNS disorders, opening to the investigation of 

the retina for early diagnosis and therapeutic monitoring. 

With such rationale, the first objective of the project has been to investigate 

whether neutralizing TNFSF10 with an anti-TNFSF10 monoclonal antibody could 

orchestrate the immune response in advanced stage of AD. To accomplish this 

objective, we employed the 3xTg-AD mouse model, which develop both plaques 

and tangles, as well as autoimmune/inflammatory disease in an age-related 

manner, resembling human AD pathology.  

Sub-chronic treatment with the anti-TNFSF10 antibody promoted a switch 

in microglial and splenic macrophage towards an anti-inflammatory phenotype. 

Moreover, the treatment decreased proinflammatory monocytes and regulatory T 

cells in both the brain and spleen of 3xTg-AD mice, paralleled by a reduction in 

PD1-expressing T cells. Restraint of the overall immune response was 

accompanied by dramatically decreased burden of amyloid-ɓ (Aɓ) in both organs 

and phosphorylated-Tau (p-Tau) in the brain. TNFSF10 neutralization restored 

immune balance in both the CNS and periphery at advanced disease stages, 

highlighting its potential as a therapeutic target for addressing immune 

dysregulation when the pathology is already well-established. 

In the attempt to assess the role of Ŭ-synuclein (Ŭ-Syn) beyond the brain, the 

second objective of the study focused on the retinal pathology in a PD rat model 

induced by intranigral infusion of human Ŭ-synuclein oligomers (H-Ŭ-SynOs). 

The retina of rat infused with H-Ŭ-SynOs revealed increased phosphorylated-Ŭ-

Syn (p-Ŭ-Syn) and a significant loss of dopaminergic tyrosine hydroxylase TH+ 

neurons, reflecting the pathology within the substantia nigra pars compacta 

(SNpc). Moreover, we observed heightened levels of miR-384-5p, which inversely 

correlated with its predicted molecular target SIRT1, known to be neuroprotective. 

Additionally, intranigral infusion of H-ŬSynOs elicited an inflammatory response 

within the retina, as evidenced by activation of astrocytes and microglia and 

enhanced proinflammatory cytokine signaling.  

These findings emphasize the retina as a valuable peripheral site for 

monitoring brain neurodegenerative and neuroinflammatory processes in PD 

pathology, reinforcing the concept of the retina as a window into the brain.  
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In this light, unravelling mechanisms underlying neuro-immune dysfunction 

beyond the brain holds great promise for identifying novel molecular targets for 

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

 

The term neuroinflammation refers to the inflammatory reaction that occurs 

within the brain or spinal cord in response to various insults, such as brain injury, 

infection, or neurodegenerative diseases [1,2]. The degree, extent and nature of 

neuroinflammation heavily depend on the context, duration, and course of the primary 

stimulus or insult [1].  

During acute conditions, including infections, injuries, or trauma, the innate 

immune system contributes to tissue homeostasis, pathogen elimination, and injury 

recovery [3]. In this regard, neuroinflammation acts as a protective mechanism, 

limiting damage and promoting tissue repair [4].  

Microglia are the brain resident immune cells that mediate key function to 

support the CNS and maintain homeostasis, including immune surveillance and 

macrophage-like activities [5,6]. Indeed, under resting conditions, microglia exhibit a 

ramified morphology and continuously extend and retract their processes to actively 

survey the CNS microenvironment [7]. In response to infection or disease, microglia 

become ñactivatedò and further adapt to the evolving inflammatory context, undergo 

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 pathogenic cues through the 

expression of toll-like receptors (TLRs), receptors featured by an extracellular leucine-

rich repeat domain that detects pathogens-associated molecular patterns (PAMPs) or 

damage-associated molecular patterns (DAMPs) [8].  

However, in the occurrence that innate immune-related processes are not 

completely resolutive, microglia-mediated mechanisms are trapped in a vicious cycle 

[9], characterized by chronicized release of pro-inflammatory cytokine (IL-1ɓ, IL-6, 

and TNFŬ), chemokines (CCL2, CCL5, CXCL1), reactive oxygen species (ROS), and 

excitotoxins, initiating a cascade of toxic events leading to neuronal death [5]. Such 

neurotoxic mediators converge to facilitate mechanisms associated with protein 

degradation, mitochondrial dysfunction, defective axonal transport and apoptosis; 

mechanisms associated with the pathogenesis of NDDs [10].  

In addition, the persistence of these inflammatory stimuli and other elements of 

the unresolved immune response leads to increased blood-brain barrier (BBB) 
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permeability and breakdown [9], with accumulation of neurotoxic substances, 

alterations in paracellular and transcellular transport and changes in tight junction 

protein expression [11]. These alterations may ultimately cause synaptic dysfunction 

and promote neurodegeneration, potentially driving cognitive decline [12]. 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 stroke. The disrupted BBB facilitates the recruitment of blood-borne 

products and serum proteins and peripheral leukocytes, such as neutrophils, monocyte-

derived macrophages, T-lymphocytes and B-lymphocytes, which penetrate the brain 

parenchyma [13]. These cells further contribute to fuel central detrimental 

inflammatory response through the release of free radicals, proteolytic enzymes, 

matrix metalloproteinases and proinflammatory cytokines [14] (Figure 1).  

On the other hand, growing evidence suggests that central inflammation 

significantly impacts peripheral immune processes [15]. In particular, in AD and PD, 

the increasing levels of circulating Aɓ and Ŭ-synuclein (Ŭ-Syn), respectively, causes 

an essential systemic inflammatory response, as evidenced by heightened levels in the 

blood of pro-inflammatory cytokines such as IL-6, IL-1ɓ, and TNFŬ [16,17].  

Overall, a systemic challenge of the peripheral immune system triggers a mirror 

inflammatory response in the brain, and vice versa [18]. This not only supports the 

existence of a bidirectional crosstalk between the CNS and the periphery [19] but also 

suggests that AD and PD pathogenesis should be extended beyond the context of CNS-

centred disease, considering systemic manifestations in peripheral tissues and organs. 
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Fig. 1. Central and peripheral immune response in neurodegenerative diseases. In response to injury, 

misfolded proteins, or inflammation, damaged neurons could release self-antigens or modified proteins 

that activate resting microglia. Activated microglia produce proinflammatory cytokines, chemokines, 

and reactive oxygen and nitrogen species. When such innate immune-related processes are not 

resolutive, microglia-mediated mechanisms are trapped in a vicious cycle, releasing pro-inflammatory 

signals that activate astrocytes, which in turn amplify the neuroinflammatory response compromising 

BBB integrity and ultimately lead to neuronal death. Uncleared misfolded proteins can trigger innate 

immune response cells in the brain and adaptive immune response in peripheral lymphoid tissue, 

mounting a response against these antigens. Naïve T cells differentiate into antigen-specific T effector 

cells (Th1, Th2, Th17, and cytotoxic T lymphocytes (CTL) or regulatory T (Treg) cells and can cross 

the BBB, further fueling neuroinflammation [9].  
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2. Alzheimerôs disease: general background  

  

  

 

Alzheimerôs disease (AD) is the most common form of dementia, affecting 

approximately 46 million individuals worldwide and the estimated global count of AD 

patients is projected to reach 139 million by 2050 [20,21]. Despite large gains in our 

understanding of AD pathogenesis, there are still no disease-modifying treatments 

[22].  

AD is characterized by a progressive neurodegenerative process, that typically 

begins with memory impairment and subsequently leads to cognitive decline, 

interfering with activities of daily living and affecting behaviour, language, spatial 

orientation, and eventually the motor system [23]. 

Aging is the strongest risk factor for the development of AD, whose incidence 

reaches approximately 10% in individuals over 65 and 40% in those over 80 years.  

Other known risk factors for the development of AD are the presence of the epsilon 4 

allele of the Apolipoprotein E (APOE) gene, arterial hypertension, traumatic brain 

injury, depression, obesity and smoking [24].  

Early and late onset are the two types of AD [25]. Late onset AD (LOAD) is 

typically driven by a complex interplay between environmental and genetic factors. 

The APOE gene, which encodes three ApoE protein isoforms, Ů2, Ů3 and Ů4, is the 

strongest genetic risk factor for sporadic AD: individuals Ů4 homozygous have an 

estimated 80% lifetime risk of developing AD [26]. On the other hand, familial AD 

(FAD) is a rare, early-onset form of AD, with symptoms typically appearing before 

the age of 65. FAD is caused by fully or highly penetrant mutations in genes involved 

into the amyloidogenic pathway: amyloid precursor protein (APP), presenilin 1 

(PSEN1) and presenilin 2 (PSEN2), leading to increased generation and aggregation 

of Aɓ [25]. 

The neuropathological hallmarks for AD are amyloid plaques and neurofibrillary 

tangles (NFTs) [24]. Amyloid plaques are extracellular accumulations composed of 

abnormally folded Aɓ with 40 or 42 amino acids (Aɓ40 and Aɓ42), produced by 

cleavage of the APP. Aɓ42 is more abundant than Aɓ40 within plaques due to its 

insolubility and higher rate of fibrillization [27]. Neurofibrillary tangles are neuronal 

inclusions composed of aggregates of hyperphosphorylated tau proteins that are 

variably modified by ubiquitination and glycation [23]. 
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In addition, astrogliosis and microglial activation, along with cerebral amyloid 

angiopathy (CAA) are frequently observed. Collectively, these pathological processes 

lead to neurodegeneration and synaptic loss, resulting in macroscopic changes such as 

cortical and hippocampal atrophy and lateral, third and fourth ventricles enlargement 

[28] (Figure 2).   

 

 

Fig. 2. Pathology of Alzheimer's disease. Aɓ accumulation in the frontal cortex (A) and in blood vessels 

(B). (C) Tau immunohistochemistry identifying both neurofibrillary tangles (arrows) and neuritic 

plaques (double arrows). Reactive microglia (D). Scale bar = 50 ɛm. (E) Normal brain. (F) Brain with 

pathology of AD showing enlargement of the ventricles and selective hippocampal atrophy (white 

arrows) [29,30].  

 

The definitive diagnosis of AD requires post-mortem evaluation of brain tissue, 

though markers of brain amyloid such as positron emission tomography (PET) and 

cerebrospinal fluid (CSF), and magnetic resonance imaging (MRI) for atrophy 

measurement can help diagnosis in living patients in addition to clinical biomarkers 

[31].  

Despite advances in early diagnosis, no drug has yet proven capable of altering 

the underlying disease pathology or disease course. Until recently, drugs that only 

relieve symptoms were currently available treatments for AD.  

Acetyl-cholinesterase inhibitors (AChEIs) (donepezil, galantamine and 

rivastigmine), that increase acetylcholine availability in synapses, are the primary 

treatment option for the management of cognitive impairment and for the dementia 

stage of AD. Memantine, a N-methyl-d-aspartate (NMDA) receptor antagonist which 

reduce l-glutamate excitatory neurotoxicity, is an alternative symptomatic treatment 

option for mild to severe AD [32].  
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Following nearly two decades of intense pharmacological research and drug 

development with no new therapeutic breakthroughs (Table 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 early-stage AD 

with confirmed Aɓ pathology. 

 

 

Table 1. FDA approved treatment for AD 

       

            Name 

(Generic; brand) 

 

Approval 

year 

 

Approved for 

 

Therapeutic 

target 

 

Side effects 

Memantine 

(Namenda) 

2003 Moderate to 

severe dementia 

due to AD 

N-methyl-D-

aspartate (NMDA) 

receptor 

antagonist 

Headache, 

constipation, 

confusion, 

dizziness 

Galantamine 

(Razadyne) 

2004 Mild to moderate 

dementia due to 

AD 

Cholinesterase 

inhibitor 

Nausea, vomiting, 

loss of appetite, 

increased 

frequency of bowel 

movements 

Donepezil 

(Aricept)  

2010 Mild to severe 

dementia due to 

AD 

Cholinesterase 

inhibitor 

Nausea, vomiting, 

loss of appetite, 

increased 

frequency of bowel 

movements 

Rivastigmine  

(Exelon) 

2013 Mild to moderate 

dementia due to 

AD or PD 

AChE and 

butrylcholinesterase 

(BChE) inhibitor 

Nausea, vomiting, 

loss of appetite, 

increased 

frequency of bowel 

movements 

Memantine + 

Donepezil  

(Namzaric) 

2014 Moderate to 

severe dementia 

due to AD 

Combination of 

NMDA receptor 

antagonist and 

cholinesterase 

inhibitor 

Nausea, vomiting, 

loss of appetite, 

increased bowel 

movements, 

headache, 

constipation, 

confusion, 

dizziness 

Suvorexant 

(Belsomra) 

2020 Insomnia in 

patients with mild 

to moderate AD 

Orexin receptor 

antagonist 

Impaired motor 

coordination, sleep 

paralysis, 

worsening of 

depression, suicidal 

thinking 
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Table 1. Overview of pharmacological treatments for AD approved by the U.S. FDA, including 

symptomatic drugs and recent monoclonal antibodies targeting Aɓ [33,34]. 
 

 

Although monoclonal antibodies directed against Aɓ have demonstrated slowing 

of the clinical decline in early-stage AD and represent an initial step toward disease-

modifying strategies, their therapeutic application relies on timely and accurate 

diagnosis and their use is associated with several adverse reactions [35]. The most 

common adverse reactions are bleeding and swelling in the brain, called amyloid-

related imaging abnormalities (ARIA), which include ARIA with edema (ARIA-E) 

and ARIA with microhaemorrhages (ARIA-H), and in rare cases, they can lead to 

serious or life-threatening events [33,34].  

A swift analysis of the available trials involving anti-amyloid immune 

compounds suggests that the clinical benefits have fallen short of expectations, 

prompting scepticism about the ñamyloid cascade hypothesisò and raising questions 

on further development of Aɓ-targeting therapies [36].  

The limited success of current therapeutic approaches underscores the urgency 

of adopting alternative strategies [37] and drove us to look at other factors, such as the 

dysregulated immune interactions in the in AD-related neuroinflammation.  

Aducanumab 

(Aduhelm) 

2021 AD Aɓ-directed 

monoclonal 

antibody that 

reduces the buildup 

of aggregated Aɓ in 

the brain 

ARIA-Edema, 

headache, ARIA-H 

microhemorrhage, 

superficial 

siderosis, fall 

Lecanemab 

(Leqembi) 

2023 Mild dementia 

due to AD 

Aɓ-directed 

monoclonal 

antibody that 

reduces the buildup 

of aggregated Aɓ in 

the brain 

ARIA with edema, 

headache, infusion 

related reactions 

Brexpiprazole 

(Rexulti) 

2023 Agitation in 

dementia 

associated with 

AD 

5-HT1A and 

dopamine D2 

receptors agonist, 

5-HT2A receptors 

antagonist 

Nasopharyngitis, 

dizziness 

Donanemab 

(Kisunla) 

2024 Mild cognitive 

impairment or 

mild dementia 

due to AD 

Aɓ-directed 

monoclonal 

antibody that 

reduces the buildup 

of aggregated Aɓ in 

the brain 

ARIA-E, ARIA-H 

microhemorrhage,  

superficial 

siderosis, and 

headache 

Benzgalantamine 

(Zunveyl) 

2024 Mild to 

moderate 

dementia due to 

AD 

Cholinesterase 

inhibitor 

Nausea, vomiting, 

diarrhea, dizziness, 

headache, and 

decreased appetite 



 

 19 

Exploring these processes may lead to the identification of novel molecular 

targets and, ultimately, to the development of meaningful therapeutic options to 

combat this devastating neurodegenerative disease.  

 

 

3. The neuroimmune axis of Alzheimerôs disease  

 

Despite decades of research, a precise cause underlying AD has not yet been 

defined; this is likely due, at least in part, to the heterogeneous nature of the disease, 

both in terms of clinical presentation and disease progression [22]. Several hypotheses 

have been proposed to explain the complex and multifactorial mechanisms driving 

AD-related neurodegeneration [38].  

Genes involved in the regulation of immune function within and outside the CNS 

have been identified as risk genes for AD by genome-wide association studies, 

showing enrichment of risk variants in immune-related tissues and brain-resident 

immune cells. CD33 and TREM2 are the first genes, encoding immune receptors, 

shown to be associated with AD [39] followed by SYK, GRN, SLC2A5, PYDC1, 

HEXB, and BLNK [40].  

Additionally, systemic inflammation caused by bacterial and viral infections or 

chronic disease leads to heightened release of pro-inflammatory mediators from 

peripheral organs into the bloodstream, affecting neurons 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 meninges [13,42,43].  

These barriers maintain CNS homeostasis and an appropriate milieu for neuronal 

function [44]. However, changes in these BBs could initiate and/or exacerbate 

neuropathogenesis, acting as gateways for infiltrating immune cells into the brain [45]. 

Peripheral immune cells including neutrophils, T lymphocytes, B lymphocytes, 

NK cells, and monocytes and their secreted factors that cross the brain borders further 

exacerbate neuroinflammation and ultimately leads to cognitive impairments [41,46].  
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4. The crucial role of TNFSF10 in neurodegeneration and immune response 

 

Innovative therapeutic strategy to neurodegenerative disorders could be envisioned 

by proper modulation of the inflammatory/immune orchestra [9]. 

Compelling evidence supports critical relevance of mediators of the immune 

response in neurodegeneration. In fact, injured neurons release arrays of pleotropic 

molecules, redundantly sustaining neuronal damage and death [47,48]. Of particular 

focus are cytokines, a crucial component of the immune system, that act as a mediator 

of neuroinflammation and play a key role in AD pathogenesis [49]. 

Cytokines are a group of immune signaling molecules, predominantly produced 

by macrophages/microglia and lymphocytes, that mediate cell-to-cell communication 

and regulate cell proliferation, differentiation, apoptosis, and inflammatory responses 

[50,51]. These neuroimmune players can be classified based on their proinflammatory 

or anti-inflammatory activities. While anti-inflammatory cytokines help restore 

homeostatic balance after an inflammatory insult, the dysregulated secretion of 

specific proinflammatory cytokines (IL-1ɓ, IL-17, IL-12, IL-23, IL-6, and TNF-Ŭ) 

drives neuroinflammation and exacerbates neuronal damage in AD [51,49].  

In this line, cytokines belonging to the Tumor Necrosis Factor (TNF) 

superfamily are considered substantial contributors of the accelerated cell death rate 

associated with neurodegeneration and play key roles as effectors and regulators of 

innate immunity and inflammation [52].   

Amon these, tumor necrosis factor-related apoptosis inducing ligand (TRAIL), 

also known as TNFSF10, a proapoptotic cytokine [53] initially identified for its 

selective ability to induce apoptosis in cancer cells [54], has been recently recognized 

as a pleiotropic mediator of both the innate and adaptive immune response in the 

pathogenesis of several immunological disorders [9]. 

TNFSF10 is expressed by lymphoid organs such as the spleen and thymus, as 

well as by a variety of immune cells, including monocytes, macrophages, T 

lymphocytes, neutrophils, and dendritic cells [55,56]. While it is not constitutively 

expressed in the healthy brain, it is abundantly release during neuroinflammatory 

processes by activated microglia [57], CNS infiltrating macrophages and damaged 

neurons [58]. In the CNS, TNFSF10 is a potent mediator of neuronal loss in response 

to pathological insults such as amyloid accumulation, brain ischemia, and traumatic 
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spinal cord injury [46ï48]. 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 inflammatory response [62,63]. 

In addition to its central neurotoxic effects, TNFSF10 also acts as a coordinator 

of the peripheral immune response as it appears to regulate, among other processes, 

the recruitment and trafficking of immune cells across the BBB. Moreover, it has been 

shown that its role as an effector of immune surveillance further extend in peripheral 

organs such as the spleen [59,60] and the retina [61].  

Consistently, TNFSF10 assumes an orchestrating role in the complex scenario 

of the overshooting neuroinflammation in AD. This cytokine is expressed in close 

proximity of Aɓ plaques in human AD brain [62], suggesting a synergistic contribution 

to Aɓ neurotoxic effect. In vitro, TNFSF10 is abundantly released by human neural 

cells challenged with Aɓ and its immunoneutralization protects human neurons from 

Aɓ toxicity [58]. Based on these findings, it has been demonstrated that 

immunoneutralization of TNFSF10 by means of a neutralizing monoclonal antibody 

leads to functional improvement, reduces deposition of Aɓ and p-tau proteins and 

dampens the inflammatory processes both in the CNS and in the spleen of 3xTg-AD 

mice [63,59].  

Therefore, considering the TNFSF10-related fine-tuning of both the central and 

peripheral immune response and in light of the extensive body of literature, we propose 

the hypothesis of targeting TNFSF10 as a potential tool to re-balance the altered 

immune response in later stages of AD.  

 

 

4.1 The TNFSF10 signalling system 

 

TNFSF10 is expressed as a type II transmembrane protein and is released from 

the cell surface after cleavage by metalloproteinases, yielding its soluble form [64]. In 

humans, TNFSF10 binds to five distinct receptors: death receptor-4 (DR4) and death 

receptor-5 (DR5) both with an intracellular death domain (DD) able to activate 

downstream death pathway, decoy receptors (DcR) 1 and 2 that cannot trigger 

apoptosis and, osteoprotegerin (OPG), a receptor that binds to TRAIL with very low 
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affinity and is not involved in apoptotic signalling [65]. Unlike humans, mice express 

only one receptor with death signalling capacity, referred to as mDR5. 

The interactions of the biologically active form of TNFSF10 with its receptor 

system mediate different biological outcomes, from pro-apoptotic to pro-

survival/proliferative pathways [66].  

With regard to apoptosis, TNFSF10 can induce cell death via two distinct 

modalities: the extrinsic pathway, which require the formation of the DISC complex 

and the activation of caspase 8 and 10, finally leading to cell death by downstream 

effector caspases, and the intrinsic pathway, which is triggered by intracellular stress 

signals that lead to mitochondrial dysfunction, release of apoptogenic factors, and 

subsequent activation of caspase 9 and effector caspases [67,68]. 

Nonetheless, TNFSF10 can also activate alternative non-apoptotic, pro-survival 

pathways through several mediators, including the transcription factor nuclear factor-

əB (NF-əB), the mitogen-activated protein kinases (MAPKs), and PI3K/Akt and ERK 

pathways, ultimately leading to transcription of survival genes [69] (Figure 3). 
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Fig. 4. TNFSF10 signaling pathway. Binding of TNFSF10 and trimerisation of death receptors leads to 

recruitment of FADD and caspase 8 to form a death-inducing signalling complex (DISC). The formation 

of a mature form of caspase 8 leads to activation of downstream effector caspases such as caspases 3, 6 

and 7. By contrast, the intrinsic apoptotic pathway is activated by different stress signals that damage 

mitochondria. Members of the Bcl-2 family, such as Bax and Bak, translocate to the mitochondria, 

leading to loss of transmembrane potential, lysis of mitochondria and release of cytochrome c and 

Diablo into the cytosol. In the cytosol, cytochrome c catalyzes the assembly of the apoptosome, a 

platform constituted also by pro-caspase 9 and apoptotic protease-activating factor 1 (APAF-1). Active 

caspase-9 processes and activates downstream effector caspases 3, 6 and 7. 

Non-apoptotic signaling cascade requires the recruitment of adaptor proteins such as TRADD, TRAF2, 

RIP1, and IKK-ɔ to form a complex that activate various protein kinase, including MAPK, ERK, JNK, 

and p38, along with the transcription factor NF-kB, that regulate not only the apoptotic pathways 

activated by TNFSF10 but also cell survival and proliferation [66,69].  
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Chapter I 
 

Rebalancing Immune Interactions within the Brain-Spleen Axis Mitigates 

Neuroinflammation in an Aging Mouse Model of Alzheimerôs Disease 
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Abstract 

Alzheimerôs disease (AD) is the most common cause of dementia worldwide, 

characterized by accumulation of amyloid-ɓ protein and hyperphosphorylated tau 

protein in the brain. Neuroinflammation, resulting from chronic activation of brain-

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

the bloodïbrain 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 adaptive branches of the immune response in AD-related 

neuroinflammation. In this study, we explored whether a TNFSF10-neutralizing 

treatment could represent a tool to re-balance the overall overshooting inflammatory 

response in a mouse model of AD. Specifically, 3xTg-AD mice were treated sub-

chronically with an anti-TNFSF10 monoclonal antibody for three months, and were 

then sacrificed at 15 months. TNFSF10 neutralization reduced the expression of the 

inflammatory marker CD86, inversely related to levels of the anti-inflammatory 

marker CD206 in the brain of 3xTg-AD 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 decrease of 

CD4+CD25+FOXP3+ T regulatory cells as well as reduced number of 

CD11b+LY6Chigh proinflammatory monocytes in both the brain and the spleen of 

3xTg-AD mice treated with anti-TNFSF10 monoclonal antibody. Finally, the 
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treatment resulted in lower count of splenic CD4+ and CD8+ T cells expressing PD1. 

The data suggest that TNFSF10 system-targeted treatment effectively restrain 

overshooting central and peripheral inflammation by rebalancing the overall immune 

response, mitigating the progression of AD pathology. 

Keywords: Neuroinflammation, Immune response, Cytokines, CNS-resident innate 

immunocytes, Splenocytes, Immune exhaustion 

Graphical abstract 

 

Introduction  

Alzheimer's disease (AD) stands as the most prevalent form of age-related 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 et al. 2024), such as accumulation of amyloid-

ɓ (Aɓ) and hyperphosphorylated tau (p-tau) in the brain (Gulisano et al. 2018), 

recently, neuroinflammation has been increasingly regarded as a crucial contributor to 

AD pathogenesis (Leng and Edison 2021; Uddin et al. 2022; Kiraly et al. 2023). 

Neuroinflammation in AD appears associated with chronically activated CNS-resident 

innate immunocytes (Di Benedetto et al. 2022), as well as with increased re-trafficking 
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of peripheral leukocyte across the bloodïbrain barrier (BBB) and the choroid plexus 

(CP) of the blood cerebrospinal fluid barrier (BCSFB) (Zenaro et al. 2017; Gião 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 et al. 2019). 

In this context, robust evidence underscores the critical role of inflammatory/immune 

mediators in driving the progression of neurodegenerative processes (Chitnis and 

Weiner 2017; Rani et al. 2023). Among these, TNFSF10, a 

proapoptotic/proinflammatory cytokine belonging to the TNF superfamily, has been 

shown to modulate the immune response in AD brain, where it directly mediates Aɓ 

neurotoxicity and, on the other hand, sustains neurodegeneration-related 

neuroinflammation (Burgaletto et al. 2020). 

Cytokine TNFSF10, in fact, is abundantly released by activated glia, CNS-infiltrating 

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 et al. 2015). 

Furthermore, TNFSF10 also fuels inflammation by recruiting peripheral T regulatory 

(Treg) cells to the brain of the triple transgenic mouse model of AD (3xTg-AD) (Di 

Benedetto et al. 2019). 

We have previously demonstrated that chronic TNFSF10 immunoneutralization by 

means of a monoclonal antibody results in protective effects on ɓ-amyloid neuronal 

toxicity in vitro (Cantarella et al. 2003), restores cognitive behavior (Cantarella et 

al. 2015), reduces Aɓ and p-tau proteins accumulation and dampens the inflammatory 

processes both in the CNS and in the spleen of 3xTg-AD mice (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 3xTg-AD, which develop both plaques 

and tangles in an age-related manner (Oddo et al. 2003), as well as behavioral 

impairment paralleled with systemic autoimmune/inflammatory disease (Marchese et 

al. 2014). 
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We enrolled 3xTg-AD mice at 12 months of age, a timepoint in which these animals 

exhibit all the hallmarks of the disease, and treated with an anti-TNFSF10 monoclonal 

antibody, as previously described (Cantarella et al. 2015). Subsequently the immune 

response and pathological features were assessed. 

Our study demonstrates that neutralizing TNFSF10 with an anti-TNFSF10 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, underscoring the potential of targeting TNFSF10 as a therapeutic strategy 

for addressing immune dysregulation in later stages of the disease. 

 

Materials and methods  

 

Mice 

Male 3xTg-AD mice [B6129-Psen1tm1MpmTg (APPSwe, tauP30L) 1Lfa/J], which 

overexpress mutant APP (APPSwe), Psen1 (PS1M146V), and hyperphosphorylated 

tau (tauP301L), and wild-type mice (B6129SF2/J) were purchased from Jackson 

Laboratories. The 3xTg-AD mice (Oddo et al. 2003) were generated by co-injecting 

two distinct transgene constructs encoding human APPSwe and tauP301L (4R/0 N) 

(controlled by murine Thy1.2 regulatory elements) into single-cell embryos harvested 

from mutant homozygous PS1M146V knock-in mice. Age matched wild-type mice of 

mixed genetic background 129/C57BL6 were used as controls. The animals were 

maintained on a 12-h light/dark cycle in temperature- and humidity-controlled rooms, 

and food and water were available ad libitum. Animal experiments were conducted in 

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 approved by the 

Italian Ministry of Health (authorization n. 552/2020-PR). 

Drug Administration and Experimental Groups 

The TNFSF10-neutralizing monoclonal antibody (purified rat anti-mouse CD253) and 

the vehicle (purified rat IgG2Ŭə isotype control) were obtained from BD Biosciences, 

Franklin Lakes, New Jersey, USA. All other compounds were of the highest 

commercial grade available. 
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Thirty 3xTg-AD and fifteen wild-type mice were enrolled at 12 months of age and 

three study groups were used: (i) wild-type plus vehicle; (ii) 3xTg-AD plus vehicle 

(purified rat IgG2Ŭə isotype control; BD Biosciences); and (iii) 3xTg-AD plus 

TNFSF10-neutralizing antibody (purified rat anti-mouse 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 with a TNFSF10-neutralizing antibody (concentration: 0.05 mg/ml; 

200 ɛl/ mouse; intraperitoneally) or vehicle (concentration: 0.05 mg/ml; 

200 ɛl/mouse; intraperitoneally) (mouse weight = 25 Ñ 5 g), twice a month (Monday 

at 12 a.m.) and sacrificed via CO2 inhalation or anesthetized and transcardially 

perfused with ice-cold 0.1 M PBS (pH 7.4) or ice-cold 4% paraformaldehyde (PFA) 

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

TNFSF10 monoclonal antibody effectively neutralized TNFSF10 in 3xTg-AD aging 

mice (see Supplementary Fig. 1). 

 

Protein Extraction 

Brain and spleen samples of 3xTg-AD mice and age-matched wild-type mice were 

dissected in ice-cold Hankôs balanced salt solution (HBSS: 137 mM NaCl, 5.4 mM 

KCl, 0.45 mM KH2PO4, 0.34 mM Na2HPO4, 4 mM, NaHCO3, 5 mM glucose; pH 

7.4) and then stored at ī 80 °C until use. For protein extraction, brain and spleen tissues 

were homogenized and sonicated in a lysis buffer containing 150 mM NaCl, 50 mM 

TrisïHCl (pH 7.5), 5 mM EDTA, 1 mM Na3VO4, 30 mM sodium pyrophosphate, 

50 mM NaF, 1 mM acid phenyl-methyl-sulphonyl-fluoride, 5 ɛg/ml aprotinin, 2 ɛg/ml 

leupeptin, 1 ɛg/ml pepstatin, 10% glycerol, and 0.2% TritonTM X-100. After 

sonication, the homogenates were centrifuged at 14,000 rpm for 10 min at 4 °C and 

the supernatant was collected. Protein content of the supernatant was quantified 

according to the Bradford Assay method (Bradford 1976). 

 

Western Blot Analysis 

Equal amounts of protein (30 ɛg) of hippocampus and spleen extracts were resolved 

onto SDS-PAGE gels and transferred onto Hybond-ECL nitrocellulose membranes 

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

blocked at room temperature for 1 h with a blocking solution composed of 5% non-fat 

https://pmc.ncbi.nlm.nih.gov/articles/PMC11805801/#MOESM1
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dry milk (Bio-Rad Laboratories, Segrate, Italy) in phosphate-buffered saline plus 

0.05% Tween-20 (PBS-T) and were then probed at 4 °C overnight with the following 

appropriate primary antibodies: rabbit anti-TNFSF10 (1:200, ab231265, Abcam, 

Cambridge, UK) or a mouse anti-CD86 (1:500, sc-28347, Santa Cruz Biotechnology 

Inc., Santa Cruz, CA, USA) or a mouse anti-CD206 (1:500, sc-58986, Santa Cruz 

Biotechnology Inc.). After that, the membranes were washed with PBS-T and 

incubated with the appropriate horseradish peroxidase-conjugated secondary 

antibodies (GE Healthcare) for 1 h at room temperature in 5% non-fat dry milk. For 

immunodetection, the membranes were exposed to film after enhanced 

chemiluminescence (ECL) (GE Healthcare). ɓ-actin (1:1000, 4967, Cell Signaling 

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, freeware, 

available online: https://imagej.nih.gov/ij). 

 

Flow Cytometry Analysis 

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

0.4 mg mlï1 of collagenase type IV (Gibco, Cat. No. 17104019) for 30 min at 37 °C. 

After incubation, brain pieces were passed repeatedly through a 19-gauge needle with 

a syringe to obtain a homogeneous cell suspension, filtered through a 70 ɛm cell 

strainer, washed with ice-cold 1 Ĭ PBS, and centrifuged at 600 Ĭ g for 6 min. The 

supernatant was aspirated, and 37% Percoll (GE Heathcare, Uppsala, Sweden) was 

added. The samples were centrifuged at 800 Ĭ g for 30 min and the supernatant was 

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 mashed through a 70 ɛm cell strainer and then washed with PBS to 

obtain a spleen single-cell suspension (SCS). SCS was centrifuged at 400 Ĭ g for 7 min 

at 4 ÁC and the supernatant was discarded. The pellet was resuspended in 1 Ĭ RBC 

lysis buffer for 5 min on ice. After washing with ice-cold PBS, the cell suspension was 

centrifuged at 400 Ĭ g for 7 min at 4 °C and the cell pellet was resuspended in PBS. 

Dead cells were excluded using VioBlue viability dye (Miltenyi Biotec, Bergisch 

Gladbach, Germany). Frequency of brain and spleen immune cells was analyzed by 

multicolor FACS analysis using the following fluorochrome-conjugated antibodies: 

https://imagej.nih.gov/ij
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anti-CD25-VioBright FITC (clone REA568, 1:50, 130ï120ï172, Miltenyi Biotec), or 

an anti-CD11b-PerCP-Vio700 (clone REA592, 1:50, 130ï113ï809, Miltenyi Biotec), 

or an anti-Ly-6C-PE-Vio770 (clone REA796, 1:50, 130ï111ï918, Miltenyi Biotec), 

or an anti-CD4-APC-Vio770 (clone REA604, 1:50, 130ï119ï132, Miltenyi Biotec) or 

an anti-CD8a-APC-Vio770 (clone REA601, 1:50, 130ï120ï806, Miltenyi Biotec) or 

an anti-CD45-VioGreen (clone REA737, 1:50, 130ï110ï803, Miltenyi Biotec), or an 

anti-CD279 (PD1)-PE (clone REA802, 1:50, 130ï111ï953, Miltenyi Biotec), or an 

anti-P2RY12 (clone S16007D, 1:200, 848003, BD Bioscences). Briefly, 1 Ĭ 106 cells 

were incubated with the antibodies mix for 30 min 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 

populations were detected within the CD45+ immune cells: proinflammatory 

monocytes were characterized as CD11b+LY6ChighP2RY12ī in the brain and as 

CD11b+LY6Chigh in the spleen, while exhausted T cells were identified as 

CD4+PD1+ or CD8+PD1+. 

In brain and spleen samples were also evaluated the frequency of Treg cells 

(CD4+CD25+FoxP3+). For Tregs evaluation, 1 Ĭ 106 cells were fixed and 

permeabilized with FoxP3/transcription factor staining buffer set (cat. No. 00ï5523-

00, Thermo Fisher Scientific), and intracellular staining with anti-FoxP3-APC (clone 

REA788, 1:50, 130ï111ï679, Miltenyi Biotec) was performed according to the 

manufacturer's instructions. The results were expressed as percentage. To 

unequivocally identify the several subpopulations of 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 with ice-cold 4% PFA. 

Brain and spleen samples were collected and fixed overnight in 10% neutral-buffered 

formalin (Bio-Optica). After overnight washing, samples were dehydrated in graded 

ethanol and paraffin-embedded, taking care to preserve their anatomical orientation. 

Five-micrometer-thick sections were serially cutted, mounted on silanized glass slides 

and air dried. To remove paraffin, slides were immersed in xylene twice, for 10 min, 

then rehydrated with graded ethanol, 100%, 95%, 70%, and 50%, twice per 10 min 



 

 32 

each, and transferred to distilled water. Antigens were retrieved in sodium citrate 

buffer (10 mM sodium citrate, 0.05% Tween-20, pH 6.0) by microwave for 10 min, 

followed by rinsing with distilled water. For detection of Aɓ plaques (6E10), slides 

were incubated with 70% formic acid for 20 min. The slides were then washed in PBS 

containing 0.025% Tween-20 (PBST) twice for 5 min each, blocked in 5% BSA for 

1 h at room temperature, in a humid chamber. The following primary antibodies were 

incubated overnight at 4 °C with BSA 1%: goat anti-Iba1 (1:100, NB100-1028, Novus 

Biologicals), or a mouse anti-CD86 (1:250, sc-28347, Santa Cruz Biotechnology Inc.), 

or a mouse anti-CD206 (1:500, sc-58986, Santa Cruz Biotechnology Inc.), or a rabbit 

anti-CD3 (1:100, ab16669, Abcam) or a mouse anti-FoxP3 (1:100, sc-166212, Santa 

Cruz Biotechnology Inc.) or a mouse anti-ɓ-amyloid (clone 6E10, 1:200, SIG-39320, 

Covance, Princeton, NJ, USA) or a mouse anti-p-tau (1:100, sc-32275, Santa Cruz 

Biotechnology Inc). For immunoreactivity and fluorescence detection, after washing 

in PBS-T three times for 5 min each, sections were incubated with the appropriate 

fluorescent-labeled secondary antibodies for 1 h at room temperature in the dark: 

Alexa Fluor 546 donkey anti-goat (A11056, Thermo Fisher Scientific, Inc.), or Alexa 

Fluor 488 donkey anti-mouse (A21202, Thermo Fisher Scientific), or Alexa Fluor 488 

donkey anti-rabbit (A21206, Thermo Fisher Scientific) or Alexa Fluor 546 donkey 

anti-mouse (A10036, Thermo Fisher Scientific). Finally, for staining of nuclei and 

stabilization of fluorescent signals, slides were covered in mounting medium with 

DAPI (F6057, Fluoroshield; Sigma-Aldrich, Milan, Italy) and secured with a 

coverslip. Images were acquired using a Zeiss Observer.Z1 microscope equipped with 

the Apotome.2 acquisition system (Zeiss LSM 700, Jena, Germany) with 5x, 20x, and 

40 x objectives and were processed using ImageJ software. To quantify 

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 images to 8-bit, inverting to 

grayscale, and using the appropriate threshold function, the positive stained area in the 

images was measured (Shihan et al. 2021). Colocalization was quantified with ImageJ 

software using the Colocalization Colormap plugin (Jaskolski et al. 2005). Fluorescent 

images were converted to 8-bit, and after setting the auto threshold function, the 

Colocalization Colormap plugin was used to analyze the percentage of 

https://pmc.ncbi.nlm.nih.gov/articles/PMC11805801/#CR62
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immunoreactivity in each image found at the same pixel. Results are presented as 

correlation index (Icorr). 

Plaque size was measured using the Ellipse tool to quantify the area of individual 

plaques (ɛm2). 

To assess the extent of positive immunolabelling, indicated as positive area, images 

were converted to 8-bit grayscale, and the appropriate threshold function was applied. 

The percentage of the immunolabelled area was then calculated (Christensen and 

Pike 2020). 

 

Cytokine Analysis by Multiplex ELISA  

Hippocampal lysates were assayed using the ProcartaPlexÊ Mouse 

Th1/Th2/Th9/Th17/Th22/Treg Cytokine Panel, 17plex (EPX170-26087ï901, Thermo 

Fisher Scientific, Vienna, Austria), according to the manufacturerôs instructions. The 

concentrations of analytes were detected with the Luminex MAGPIX instrument 

(Luminex Corporation, 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 one-way analysis of variance 

(ANOVA) test was applied, and post-hoc Tukeyôs multiple comparisons test was used 

to determine statistical significance. Aɓ plaques data were analyzed using a two-tailed 

Student's t-test. Data were represented as means Ñ S.E.M. Significance was set at a p 

value < 0.05 or p < 0.01; shown as *, and ** respectively. 

 

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 

Butovsky 2017). Conversely, in the AD brain, microglia display a pro-inflammatory 

phenotype, contributing to neuroinflammation and neurodegeneration (Colonna and 

https://pmc.ncbi.nlm.nih.gov/articles/PMC11805801/#CR12
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Butovsky 2017; Gao et al. 2023). To investigate whether neutralization of TNFSF10 

could modulate the phenotype of microglia, the expression of Iba1 was evaluated 

in co-localization with CD86 or CD206 in the brain of 3xTg-AD mice. 

Immunofluorescence experiments revealed a widespread activation of microglia in the 

hippocampus of 3xTg-AD mice, as evidenced by the heightened expression of 

Iba1/CD86 double positive cells, identifying the pro-inflammatory ñclassically-

activatedò phenotype. Notably, the expression of both Iba1 and CD86 was markedly 

reduced in animals treated with the TNFSF10-neutralizing antibody (Fig. 1). 

On the other hand, the expression of Iba1/CD206 double positive cells, which identify 

the anti-inflammatory ñalternatively-activatedò microglia, was increased in the 

hippocampus of 3xTg-AD mice treated with anti-TNFSF10 antibody, compared to 

untreated 3xTg-AD 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 anti-TNFSF10 treated 3xTg-AD mice. This suggests 

a switch of microglia towards a neuroprotective phenotype (Fig. 1 and 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 pro-inflammatory cytokines, which have been reported to 

play a crucial role in AD pathogenesis (Wong-Guerra et al. 2023; Wang et al. 2023). 

To better dissect the impact of the anti-TNFSF10 treatment on the neuroinflammatory 

process in the AD brain, the pattern of pro- and anti-inflammatory cytokines was 

evaluated by means of multiplex ELISA in 3xTg-AD hippocampal lysates. 

Specifically, levels of several pro-inflammatory molecules, including IL-1ɓ, IL-2, 

TNFŬ, IFN-ɔ, IL-12p70, IL-17A, IL-22, and IL-23 were significantly elevated in 

vehicle-treated 3xTg-AD mice. Remarkably, treatment with the TNFSF10-

neutralizing antibody restored their levels to those observed in WT mice (Fig. 3). 

 

 

Brain Infiltration by Peripheral Inflammatory Monocytes and T Regulatory 

Cells is Reduced Following Neutralization of TNFSF10 

https://pmc.ncbi.nlm.nih.gov/articles/PMC11805801/#CR13
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Pro-inflammatory monocytes are among the primary immune cells infiltrating the 

brain parenchyma following injury, marked by significant BBB disruption, thereby 

contributing to neuroinflammation (Mildner et al. 2007). 

To explore whether TNFSF10 neutralization could result in restraining monocytic-like 

inflammatory cells, cells isolated from brains, stained with antibodies against either 

CD45, CD11b, LY6C, and P2RY12 were analyzed by flow cytometry (see 

Supplementary Fig. 2a for proinflammatory monocytes gating strategy). The 

frequency (%) of LY6ChighP2RY12ī cells out of the total CD45+CD11b+ gated cells in 

the brain of AD mice were significantly augmented compared to WT mice. 

Remarkably, a pronounced reduction of monocytic-like inflammatory cells was 

observed in animals underwent the anti-TNFSF10 treatment (Fig. 4 panel a, 

Supplementary Fig. 2b). 

Previous data have shown that TNFSF10 promotes the recruitment of Treg cells (Ikeda 

et al. 2010) into the brain of 3xTg-AD mice (Di Benedetto et al. 2019). 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 Fig. 3a for Treg cells gating 

strategy). While the percentage of CD25+FOXP3+ gated cells among the total 

CD45+CD4+ in the 3xTg-AD brain were augmented, a significant reduction of the 

same cells was observed following treatment with anti-TNFSF10 (Fig. 4 panel b, 

Supplementary Fig. 3b). Indeed, we performed immunofluorescence analysis, 

corroborating the reduced infiltration of Treg cells in the brains of anti-

TNFSF10 treated mice (see Supplementary Fig. 4). 

 

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 

Pittet 2013; Lewis et al. 2019), we studied the effect of TNFSF10 neutralization on 

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

performed on spleen samples revealed increased pro-inflammatory óclassically-
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activatedô macrophages in vehicle-treated 3xTg-AD mice, identified by the 

macrophage marker CD86. Neutralization of TNFSF10 determined a significant 

attenuation of CD86-expressing macrophages. Moreover, while the anti-inflammatory 

macrophage marker CD206 was scarcely measurable in the spleen of untreated AD 

mice, robust expression was detected in animals that underwent the anti-TNFSF10 

treatment (Fig. 5). 

 
 

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 al. 2012; Rizzo et al. 2020). 

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 monocytes expressing both CD11b and LY6Chigh out of the total 

CD45+ gated cells was significantly higher in 3xTg-AD spleens, compared to WT 

spleens. Indeed, the percentage of splenic CD11b+ LY6Chigh monocytes was 

significantly lower in 3xTg-AD anti-TNFSF10 treated mice (Fig. 6 panel a). 

We have previously shown that Treg cells markers such as GITR and FoxP3, 

detectable in the spleen of 3xTg-AD mice, are blunted in the spleen of AD mice 

following the treatment with TNFSF10 neutralizing monoclonal antibody (Di 

Benedetto et al. 2019). To corroborate the hypothesis that such reduction could 

correlate with the depletion of Treg in the spleen of 3xTg-AD mice, splenocytes 

labelled with antibodies against CD45, CD4, CD25, and FOXP3 were analyzed by 

flow cytometry. Results unveiled that the percentage of CD25+FOXP3+ T reg cells of 

the total CD45+CD4+ T cells in the spleen was significantly depleted in AD mice 

treated with the anti-TNFSF10 antibody (Fig. 6panel 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 al. 2023). 

Therefore, with the aim to understand whether treatment with anti-TNFSF10 

monoclonal antibody could affect immune exhaustion, the expression of either 

CD4+PD1+ T cells as well as CD8+PD1+ T cells was studied in spleen samples of 

vehicle- and anti-TNFSF10-treated 3xTg-AD mice by means of flow cytometry. 

Results demonstrated that the frequency of CD4+PD1+ as well as CD8+PD1+ cells out 

of the total CD45+ gated cells were markedly augmented in the spleen of vehicle-

treated AD mice. Interestingly, in mice treated with anti-TNFSF10, we observed a 

striking reduction in both PD1-expressing CD4+ T cells and PD1-expressing CD8+ T 

cells, confirming that neutralization of TNFSF10 effectively counteracts peripheral 

immune exhaustion in 3xTg-AD mice (Fig. 7). 

 

The Anti-TNFSF10 Treatment Reduces Amyloid-Beta Plaques and 

Phosphorylated Tau Load in 3xTg-AD Mice 

In the 3xTg-AD model, similar to human AD brain, Aɓ plaques develop in an age-

dependent manner, accumulating in AD-relevant brain regions, including the 

hippocampus, cortex, and amygdala (Oddo et al. 2003; Ono et al. 2024). 

Given the concurrent immunological changes and neuropathology observed in 3xTg-

AD mice (Marchese et al. 2014), we investigated whether administering anti-

TNFSF10 mAb at a late stage of pathology could modulate amyloidosis in both the 

hippocampus and spleen of these mice. 

Immunofluorescence staining revealed extensive Aɓ plaques accumulation in both 

organs of vehicle-treated 3xTg-AD mice. In contrast, 3xTg-AD mice subjected to the 

anti-TNFSF10 mAb treatment exhibited a significant reduction in plaque burden, 

evidenced by decreased total Aɓ immunostaining and smaller plaque size (ɛm2) in 

both the brain and the spleen (Fig. 8 panel a-d). 

Elevated tau phosphorylation widely recognized as pathological hallmarks of AD 

(Rawat et al. 2022), are closely associated with disease severity and progressively 

increase in advanced stages (Telser et al. 2023). In this study, we examined whether 

administering anti-TNFSF10 mAb at advanced stages of pathology could modulate p-

tau levels. Immunofluorescence analysis showed that while p-tau expression was 
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markedly heightened in the brain of vehicle-treated 3xTg-AD mice, its expression 

became greatly attenuated after the treatment with the anti-TNFSF10 mAb, 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 3xTg-AD mice. The prominent toxic effects of TNFSF10, which synergizes with 

other cytokines, are likely due, at least in part, to an imbalanced immune response 

triggered by Aɓ accumulation in both the CNS and in the spleen (Cantarella et al. 2015; 

Di Benedetto et al. 2019). Consistently, the TNFSF10 neutralizing antibody improved 

cognitive function (Cantarella et al. 2015), while reducing pathological protein 

accumulation, and inflammation in 3xTg-AD mice when administered during an early 

phase of AD (Di Benedetto et al. 2019). 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 Holtzman 2012). 

In the wake of these observations, the present study aims to investigate whether 

administering a TNFSF10-neutralizing 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 3xTg-AD mouse model. In 

the AD brain, microglial cells, activated by Aɓ plaque accumulation and dying 

neurons, tend to adopt a detrimental ñclassically-activatedò phenotype (Mandrekar-

Colucci and Landreth 2010; Miao et al. 2023), releasing inflammatory mediators 

including IL-1ɓ, IL-6, TNF-Ŭ (Smith et al. 2012) and TNFSF10 (Huang et al. 2005). 

Blocking pro-inflammatory cytokine signalling has been shown to attenuate 

microgliosis (Kitazawa et al. 2011; Tweedie et al. 2012; Ou et al. 2021). 

Consistently, the anti-TNFSF10 treatment induced dampening of ñM1-likeò 

proinflammatory microglia in the hippocampus of 3xTg-AD mice, alongside with an 

increased expression of ñM2-likeò anti-inflammatory microglia, suggesting its 

beneficial impact on microglia phenotype. 
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As mentioned above, pro-inflammatory cytokines released by CNS-resident immune 

cells critically fuel AD by damaging neurons and other glial cells and compromising 

BBB integrity (Merlini et al. 2018; Yang et al. 2022; Zang et al. 2022; Zhang et 

al. 2023a), while peripherally released cytokines that cross the BBB exacerbate brain 

inflammation through direct neurotoxicity and activation of microglia and astrocytes 

(Majerova et al. 2019; Burgaletto et al. 2020). The restraint of the immune response 

achieved in the CNS through the anti-TNFSF10 treatment was paralleled by a 

significant decrease in several pro-inflammatory cytokines in the brain of anti-

TNFSF10 treated 3xTg-AD mice. These findings support the hypothesis that 

neutralization of TNFSF10 could dampen the overshooting neuroinflammatory 

response taking place in the AD brain. 

Although the substantial involvement of brain-resident immune cells in the 

pathogenesis of AD is historically acknowledged, the role of the peripheral immune 

system remains still largely debated (Giménez-Llort et al. 2012). Under normal 

conditions, peripheral immune cells are rarely detected in the brain parenchyma (Prinz 

and Priller 2017). 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 Schwartz 2020; Ennerfelt and Lukens 2020). 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 systemic disease 

(Bettcher et al. 2021). 

To corroborate this hypothesis, we here demonstrated a significant infiltration of a 

Ly6Chigh population of monocytes, recognized as pro-inflammatory (Li et al. 2022), as 

well as of Treg cells in the brain of vehicle-treated 3xTg-AD mice, which dramatically 

decreased following anti-TNFSF10 mAb treatment. 

Whilst robust evidence indicates that circulating proinflammatory Ly6Chigh monocytes 

are actively recruited by brain-derived inflammatory cues and contribute to 

inflammatory responses, by releasing inflammatory molecules such as IL-1ɓ and TNF-

Ŭ (Auffray et al. 2009; Ginhoux and Jung 2014), the role of Treg cells in modulating 

inflammatory responses after CNS injury is still poorly understood and, at any rate, 

controversial (Walsh et al. 2014; Duffy et al. 2018; Rocamora-Reverte et al. 2021). 
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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 et al. 2016; Jafarzadeh et 

al. 2023). However, in later stages of the disease, when embedded in an increasingly 

inflammatory milieu, Tregs may become unstable and dysfunctional, hindering Aɓ 

clearance, thereby worsening the disease. Furthermore, when their number is 

significantly increased in the periphery in concomitance to partial disruption of the 

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

to the pathological environment of late-stage AD (Baruch et al. 2015). 

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

subsets during an overshooting response (Ikeda et al. 2010), the reduced Tregs 

infiltration achieved by the anti-TNFSF10 mAb treatment 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 brain-spleen axis could be 

involved in AD progression (Unger et al. 2020; Pakravan et al. 2021; 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 et al. 2019), but also serves as 

reservoir of peripheral immune cells. Specifically, 3xTg-AD mice develop 

splenomegaly (Marchese et al. 2014) and display abundant Aɓ deposits in the spleen, 

underpinning an impairment of the peripheral immune response in AD (Di Benedetto 

et al. 2019). 

Approximately forty to sixty percent of the brain-derived Aɓ flows into peripheral 

organs for clearance (Roberts et al. 2014; Xiang et al. 2015) with splenic 

monocytes/macrophages actively uptake Aɓ (Yu et al. 2022), based also on their 

ability to adopt either proinflammatory or ñclassically-activatedò and anti-

inflammatory or ñalternatively-activatedò phenotypes (Mulder et al. 2014). 

We found heightened expression of splenic ñclassically-activatedò macrophages in 

3xTg-AD mice, significantly attenuated after anti-TNFSF10 mAb treatment. On the 

other hand, the treatment induced an increase in ñalternatively-activatedò 

macrophages. 

The spleen has been identified as an alternative reservoir of Ly6Chigh monocytes, 

readily recruitable to exacerbate inflammation at distant sites (Swirski et al. 2009; 
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Robbins et al. 2012). In this line, our study further supports the role of the spleen as a 

source of Ly6Chigh monocytes in the AD pathology, with a highly represented 

proinflammatory Ly6Chigh monocytes population in the spleen of 3xTg-AD mice, 

reduced upon anti-TNFSF10 mAb treatment. 

Although the role of spleen-derived 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 

source of excess Tregs, especially considering its enlarged size (Romano et al. 2016; 

Di Benedetto et al. 2019) and hyperactivity found in 3xTg-AD mice (Romano et 

al. 2016; Di Benedetto et al. 2019). Consistently, the increased number of brain Tregs 

likely reflects their TNFSF10-mediated abundance in the spleen, and the TNFSF10-

related Treg cell-depleting 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 their microenvironment, is associated with a rebalanced brain-spleen trafficking 

of immunocytes. 

The suppression of the overall inflammatory response achieved by means of the anti-

TNFSF10 mAb treatment is also accompanied by a significant depletion of splenic 

CD4+ and CD8+ T 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 Aɓ plaques, cognitive performance and enhance peripheral immune responses 

(Baruch et al. 2016; Deczkowska and Schwartz 2018), 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 T cells function. Indeed, chronic exposure to inflammatory signals 

(i.e. IFNs and IL-6) drives T cell exhaustion (Yi et al. 2010; Wherry and Kurachi 2015) 
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and improving the inflammatory milieu, may help reverse this effect (Yi et al. 2010; 

Saeidi et al. 2018). 

Given that Aɓ plaques deposition is a feature typical of AD pathogenesis and 

progression (Zhang et al. 2023b), and in light of the changes in the immune 

environment observed both in the brain and the spleen, we investigated whether the 

anti-TNFSF10 mAb treatment could affect amyloidosis in 3xTg-AD mice. We 

previously demonstrated that TNFSF10 neutralization in the early stages of the disease 

dramatically halted Aɓ deposition in both the hippocampus and the spleen of the same 

strain (Di Benedetto et al. 2019). Here, we demonstrated that anti-TNFSF10 

mAb administration in aged 3xTg-AD mice concur to a notable reduction of Aɓ plaque 

deposition in both organs of these mice. This effect might be mediated by the 

enhancement of brain microglia and splenic macrophages' Aɓ-phagocytic 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 anti-TNFSF10 mAb-treated 3xTg-

AD mice was accompanied by a significant reduction in p-tau protein levels. Indeed, 

Aɓ aggregates have been shown to promote tau hyperphosphorylation, establishing a 

direct link between Aɓ and tau in causing synaptic dysfunction and neuronal damage, 

which are pivotal contributors to toxicity in AD (Ittner and Götz 2011; 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 other sex-specific 

factors in female models (Murtaj et al. 2019; Dennison et al. 2021). 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 inflammatory 

profiles (Lopez-Lee et al. 2024). Therefore, while our findings provide valuable 

insights, extrapolating these results to women requires careful consideration of these 

sex-specific immune responses. Future studies including female models will be crucial 

to further investigate these differences 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 3xTg-AD mouse model. Thus, targeting the TNFSF10 

system appears to 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 immune response. 
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Fig 1. a Immunohistochemical detection of Iba-1 and CD86 in the hippocampi of wild-type and 3xTg-

AD mice, treated with either vehicle or anti-TNFSF10 mAb. Original magnification 5x; inset 40x. The 

inserts in photos represent the respective areas magnified (DG = dentate gyrus; CA2-CA3 = cornu 

ammonis 2ï3). Scale bars = 50 µm. b Respective mean fluorescence intensity (MFI) analysis of the 

immunofluorescence signal. c Co-localization quantification (Icorr). d Western blot analysis of CD86 

protein expression in hippocampal lysates of wild-type and 3xTg-AD mice. e Respective densitometric 

analysis of the representative Western blot. Data are expressed as means Ñ S.E.M. One-way ANOVA 

and the Tukeyôs post hoc test were used to determine statistical significance. **p < 0.01. WT: wild-type 

(n = 5/group); 3xTg-AD mice (n = 5/group). 

 

 



 

 53 

 
 

 

Fig 2. a Immunohistochemical detection of Iba-1 and CD206 in the hippocampi of wild-type and 3xTg-

AD mice, treated with either vehicle or anti-TNFSF10 mAb. Original magnification 5x; inset 40x. The 

inserts in photos represent the respective areas magnified (DG = dentate gyrus; CA2-CA3 = cornu 

ammonis 2ï3). Scale bars = 50 µm. b Respective mean fluorescence intensity (MFI) analysis of the 

immunofluorescence signal. c Co-localization quantification (Icorr). d Western blot analysis of CD206 

protein expression in hippocampal lysates of wild-type and 3xTg-AD mice. e Respective densitometric 

analysis of the representative Western blot. Data are expressed as means Ñ S.E.M. One-way ANOVA 

and the Tukeyôs post hoc test were used to determine statistical significance. *p<0.05, **p < 0.01. WT: 

wild-type (n = 5/group); 3xTg-AD mice (n = 5/group) 
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Fig. 3. Hippocampal levels of cytokines in wild-type and 3xTg-AD animals receiving either vehicle or 

an anti-TNFSF10 monoclonal antibody. Cytokines were analyzed by multiplex-ELISA. Values are the 

mean Ñ SEM. *p < 0.05, **p < 0.01 by one-way ANOVA followed by Tukeyôs post hoc test. WT: wild-

type (n = 5/group); 3xTg-AD mice (n = 5/group). 

 

 

 

Fig. 4. a Quantification of the percentage of brain-infiltrating proinflammatory 

monocytes. b Quantification of brain-infiltrating Treg cells. Data are expressed as mean Ñ SEM. 

**p < 0.01, (one-way ANOVA followed by Tukey's post hoc test). WT: wild-type (n = 5/group); 3xTg-

AD mice (n = 5/group) 
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Fig. 5. a Immunohistochemical detection of CD86 in the spleen of wild-type and 3xTg-AD mice, treated 

with either vehicle or anti-TNFSF10 mAb. Original magnification 20x; inset 40x. The inserts in photos 

represent the respective areas magnified. b Respective mean fluorescence intensity (MFI) analysis of 

the immunofluorescence signal. c Immunohistochemical detection of CD206 in the spleen of wild-type 

and 3xTg-AD mice, treated with either vehicle or anti-TNFSF10 mAb. Original magnification 20x; 

inset 40x. The inserts in photos represent the respective areas magnified. Scale 

bars = 50 µm. d Respective mean fluorescence intensity (MFI) analysis of the immunofluorescence 

signal (RP = red pulp; WP = white pulp; MZ =marginal zone). e Western blot analysis of CD86 and 

CD206 protein expressions in splenic lysates of wild-type and 3xTg-AD mice. f Respective 

densitometric analysis of the representative Western blot. Data are expressed as means Ñ S.E.M. One-

way ANOVA and the Tukeyôs post hoc test were used to determine statistical significance. *p < 0.05; 

** p < 0.01. WT: wild-type (n = 5/group); 3xTg-AD mice (n = 5/group) 
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Fig. 6. Representative flow cytometry plots for each experimental group used to identify Ly6Chigh cells 

out of the total CD11b+ gated cells. b Representative flow cytometry plots for each experimental group 

used to identify CD25, FOXP3 positive cells out of the total CD45+CD4+ gated cells. c Quantification 

of the percentage of splenic proinflammatory monocytes. d Quantification of spleen-T reg cells. Data 

are expressed as mean Ñ SEM. **p < 0.01 (one-way ANOVA followed by Tukey's post hoc test). WT: 

wild-type (n =5/group); 3xTg-AD mice (n = 5/group) 
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Fig. 7. a Representative flow cytometry plots for each experimental group used to identify CD4+ T cells 

expressing PD1+. b Representative flow cytometry plots for each experimental group used to identify 

CD8+ T cells expressing PD1+. c Quantification of the percentage of splenic CD4+PD1+ cells out of the 

total CD45+ gated cells. d Quantification of the percentage of splenic CD8+PD1+ cells out of the total 

CD45+ gated cells. Data are expressed as mean Ñ SEM. **p < 0.01, (one-way ANOVA followed by 

Tukey's post hoc test). WT: wild-type (n = 5/group); 3xTg-AD mice (n = 5/group) 

 

 

 

 

 

 



 

 58 

 

 

 

Fig. 8. a Immunohistochemical detection of Aɓ plaques in the brain (a) and the spleen (b) of 3xTg-AD 

mice, treated with either vehicle or anti-TNFSF10 mAb. Original magnification 40x. Scale 

bars = 50 Õm. Respective positive staining area and sizes analysis of brain (c) and spleen (d) Aɓ plaques. 

Data are expressed as means Ñ S.E.M. *p < 0.05; **p < 0.01 (Two-tailed Student's t-

test). e Immunohistochemical detection of p-tau in the brain of wild-type and 3xTg-AD mice, treated 

with either vehicle or anti-TNFSF10 mAb. Original magnification 40x. Scale 

bars = 50 µm. f Respective positive staining area analysis of the immunofluorescence signal (one-way 

ANOVA followed by Tukey's post hoc test). *p<0.05; ** p < 0.01. WT: wild-type (n = 5/group); 3xTg-

AD mice (n = 5/group) 

 

 

ñAdditional Filesò are available in the web version of this article                                                                                                       
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5. Parkinsonôs disease: an overview  
 

Parkinsonôs disease (PD) is the second most common neurodegenerative 

disorder after Alzheimerôs disease, with a prevalence of more than 10 million 

individuals and 25 million people were projected to be living with PD by 2050 globally 

[70,71].  

Disease-modifying treatments that slow or halt the progression of 

neurodegeneration represent the greatest unmet therapeutic need in PD [72].  

PD has traditionally been defined as a movement disorder, characterized by 

resting tremor, bradykinesia, rigidity, as well as changes in posture and gait that cause 

progressive disability and reduced quality of life [73]. Despite its motor-centric 

characterization, it is now well accepted that non-motor symptoms including sleep 

disturbances, memory loss, depression, pain and visual dysfunction, are frequent at 

early stages and affect nearly all patients [70,74].  

PD seems to result from a complex interplay between genetic and environmental 

factors. Advanced age is the strongest genetic risk factor for PD, affecting over 1% of 

the population over the age of 60 and the prevalence reaches 5% in individuals older 

than 85 [75].  

While most PD cases occur in a sporadic manner, approximately 5% of all PD 

cases are of genetic origin, caused by mutations in genes involved in protein turnover 

and mitochondrial function: SNCA gene (PARK1) encoding Ŭ-synuclein, parkin 

(PARK2), pink (PARK6) and DJ-1 (PARK7), leucine-rich repeat kinase 2 (LRRK2) 

[76ï78]. These dominant or recessive mutations are associated with familial, early-

onset form of PD, which manifest before the age of 60 years [79]. Other risk factors 

are: being a male, men are more susceptible than women and show higher mortality, 

and environmental exposure to toxins, pesticides and water pollutants, traumatic brain 

injury and bacterial or viral infections [74].  

The neuropathological hallmark of PD is the presence of cytoplasmatic 

inclusions generated by Ŭ-synuclein (Ŭ-Syn) within cell bodies (Lewy bodies) and 

axons (Lewy neurites). Considering that abnormally phosphorylated and aggregated 

Ŭ-Syn protein is the major component of Lewy bodies, PD is classified as a 

synucleinopathy. 
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Although Ŭ-Syn is a protein ubiquitously expressed in the brain, in PD, 

conformational changes, including phosphorylation, ubiquitination and C-terminal 

truncation, lead to abnormal Ŭ-synuclein aggregation [80], causing synaptic 

dysfunction, microtubule regression and mitochondrial and nuclear degradation [81]. 

The initial Ŭ-Syn pathology may occur in the brain or in the periphery, leading 

to the hypothesis that PD comprises two subtypes: a body-first subtype, where Ŭ-Syn 

pathology originates in the enteric nervous system and spreads to the brain via the 

vagus nerve and, a brain-first subtype where the pathology arises in the limbic system 

or in the olfactory bulb [82,83]. 

Macroscopic changes are often remarkable in PD brain, such as atrophy of the 

frontal cortex and enlargement of ventricles. Among these, the loss of the pigmented 

area in the substantia nigra pars compacta (SNpc) and locus coeruleus due to, 

respectively, the death of dopaminergic neurons containing neuromelanin and 

noradrenergic neurons, is the major distinctive morphological change (Figure 5). 

Fig. 5. Pathology of Parkinsonôs disease. (A) Lewy bodies (arrows) and Lewy neurites (arrowhead) in 

the substantia nigra from a post-mortem PD patient. Scale bar = 50 ɛm. Lewy bodies in the cortex (B), 

and substantia nigra (D). Lewy neurites in the hippocampus (C). Human post-mortem bilateral midbrain 

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

SNpc. Rat midbrain after intranigral injection of vehicle (G) or MPTP (H) [84ï86].  

 

The impairment of the dopaminergic nigrostriatal system results in the loss of 

dopamine neurotransmission, causing the primary motor symptoms [87]. However, 

neurodegeneration also affects other brain structures (i.e. cortex, locus coereleus, the 

nucleus basalis of Meynert, the hypothalamus and the olfactory bulb) leading to 
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disruption of several neurotransmitter systems, including glutamatergic, cholinergic, 

serotoninergic, GABAergic, thought to be related to non-motor symptoms of PD [88]. 

Considering the clinically heterogeneity of PD and its widespread involvement 

of several brain region, a reliable diagnostic test is not yet available. To date, the 

diagnosis is based on clinical features, specifically the presence of bradykinesia in 

combination with either rigidity or resting tremor, according to criteria that have been 

proposed by International Parkinson and Movement Disorder Society (MDS) [89]. 

Moreover, sustained response to levodopa is considered a supportive criterion for PD 

[90].  

In addition to clinical symptoms, imaging techniques such as imaging structural 

MRI, PET, and DAT-SPECT (dopamine transporter-single-photon emission 

computed tomography) may help diagnosis in patients. Nevertheless, the gold standard 

for a definitive diagnosis is the post-mortem pathological evaluation of brain tissue 

[91].   

Notwithstanding the insights that have been made in the comprehension of the 

pathophysiological processes behind PD, current therapeutic options are limited, with 

no disease-modifying drugs that can halt or slow down disease progression [91]. Most 

of the current available treatments for PD are symptomatic, acting on dopamine levels 

in the striatum or as a dopamine receptor agonist.  

More than 50 years after its introduction in the pharmaceutical market, levodopa, 

the precursor of dopamine, is still considered the most effective and best tolerated drug 

to treat motor symptoms [92,93]. However, levodopa is associated with significant 

side effects, due to the conversion of levodopa to dopamine outside the CNS, hence it 

is administered in combination with carbidopa, an aromatic l-amino acid 

decarboxylase inhibitor.  

Other commonly used drugs are dopamine agonists that directly stimulate 

dopamine receptors. Among these, apomorphine hydrochloride infusion, formerly 

known as SPN-830, has been approved by FDA in February 2025 for the treatment of 

motor fluctuations in advanced stages of PD [94].  

Monoamine oxidase B (MAO-B) and COMT (cathecol-O-methyl transferase) 

are two enzymes involved in dopamine metabolism, therefore specific drugs inhibiting 

their activity by reducing its breakdown result in increased dopaminergic levels within 

the striatum. 



 

 62 

Additionally, considering the complex neurotransmitter system involved, some 

drugs used in the treatment of PD target non-dopaminergic mechanisms, such as 

anticholinergics that act as antagonists at cholinergic receptors, and amantadine, an 

antiviral drug that has been shown to improve the symptoms of PD [95].  

Over the past decades, several disease-modifying drug candidates have 

consistently failed to meet the primary end point in multiple clinical trials, yet various 

therapeutic approaches are currently under investigation [96].  

These include monoclonal antibody targeting the C-terminus of aggregated Ŭ-

synuclein [97], deep brain stimulation (DBS) for the management of motor symptoms, 

and stem cells based therapies that may offer a renewable source of dopaminergic 

neuron progenitor cells [98,99], all of which highlight the urgent need for disease-

modifying treatments.  

 

 

6. Immune dysregulation in Parkinsonôs disease 

 

Despite some progress on the multifactorial nature of PD, its clinical, 

pathological and genetic heterogeneity significantly limits the understanding of its 

intricate aetiology [100]. Multiple mechanisms have been connected to the 

pathogenesis of PD, with Ŭ-synuclein aggregation, impaired protein clearance, 

mitochondrial dysfunction, and neuroinflammation considered main contributing 

factors [100].   

Clues suggesting that immune activation might contribute to PD pathogenesis 

and progression derive from GWAS identifying strong association between variants in 

genes involved in immune functions and the risk of developing PD. These include 

human leukocyte antigen (HLA) class II expressed by antigen presenting cells, bone 

marrow stromal cell antigen 1 (BST1) expressed by neutrophils and macrophages in 

the peripheral blood and by B lymphocytes in bone marrow and  LRRK2, a kinase 

expressed by peripheral blood mononuclear cells (PBMCs) and microglia, with 

established roles in immunity [101ï103] 

Once believed to be an isolated, ñimmune privilegedò site, the CNS is now 

recognized as actively engaged in dynamic neuroimmune interactions, capable of 

activating both innate and adaptive immune responses [104]. 
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This is reinforced by several studies reporting activation of glial cells in the SNpc 

along with elevated levels of inflammatory amplifiers, such as IL-1ɓ, IL-6 and TNF- 

Ŭ in post-mortem PD brain tissue [105] that may trigger or promote neuronal loss  [10]. 

More recently, infiltration of peripheral immune cells - macrophages and 

leukocytes - into the brain, peripheral inflammation, and altered peripheral immune 

pattern have been reported, indicating that immune response is systemically 

dysregulated  [82,106].  

Systemic inflammation in PD is characterized by the presence of increased levels 

of circulating cytokines such as IL-1ɓ, IL-2, IL-10, IL-6, IL-4, TNF-Ŭ, RANTES, and 

INF-ɔ 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 whether neuroinflammatory responses are a direct 

trigger of neurodegeneration in PD or are activated as a response to neuronal damage, 

it is becoming increasingly clear that the immune system can amplify the 

neurodegenerative cycle [108]. Notably, PD is now recognised as a systemic disease 

with notable central and peripheral overshooting inflammatory processes.  

 

 

7. Retinal pathology in Parkinsonôs disease  
 

PD is diagnosed when motor symptoms are expressed, by that time significant 

neurodegeneration of DA neurons in the SNpc has already occurred. Moreover, PD is 

also associated with many non-motor symptoms, often preceding motor deficits by 

years or even decades and becoming increasingly severe as the disease progresses [88]. 

Visual disturbances and retinal abnormalities are well established non-motor 

symptoms of PD, and patients often report them before diagnosis [109]. These include 

decrease visual acuity, abnormal spatial contrast sensitivity and colour discrimination, 

recurrent visual hallucinations, diplopia (double vision) and impairments in face and 

emotion recognition, as well as ocular conditions such as dry eyes and blepharitis, all 

of which have direct consequences on patientsô abilities to perform daily tasks 

[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 PD [108]. Moreover, visual dysfunctions 

appear to be predictor of cognitive decline, depression and dementia, as well as earlier 

mortality. Consequently, as an extension of the CNS, the retina may reflect 

neuropathological changes occurring in PD, supporting the retina as a window to the 

brain for early diagnosis and therapeutic monitoring of NDDs [111].  

A growing body of evidence has reported retinal thinning in the inner retinal 

layers, especially detected by non-invasive techniques such as optical coherence 

tomography (OCT), that correlate with disease severity and duration as well as to 

nigral dopaminergic degeneration [112,109]. Retinal thinning may also be linked to 

retinal dopaminergic degeneration, has evidenced by reports of reduced tyrosine 

hydroxylase immunoreactivity of dopaminergic cells in the inner plexiform layer (IPL) 

in patients with PD [113,114]. Additionally, not only a Ŭ-Syn pathology occurs in 

several retinal layers and positively correlates with the severity of PD, but also it has 

been hypothesized that Ŭ-Syn aggregation can initiate in the retina and spread to the 

brain [115].  

Therefore, considering retina similarities to the brain and its accessibility, it may 

serve as a biomarker and novel non-invasive approach to the diagnosis of CNS 

diseases [114,116,117].  

 

 

     7.1  Retina neuroanatomy 

 

  

The retina is a thin (about 0.4 mm in thickness) sheet of tissue derived from the 

neuroectoderm. It receives, modulates and converts photons of light to signals and 

sends them to the optic nerve and eventually to the visual cortex of the brain [118]. 

The effective conveyance of visual information largely relies on the highly specialized 

anatomy of the retina [113]. The retina is arranged in different layers (Figure 6), from 

the innermost to the outermost are as follows: 
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The inner limiting membrane, the innermost layer of the retina bordering the 

vitreous humor. The nerve fiber layer, composed of axons of ganglion cells which 

eventually form the optic nerve [119]. The ganglion cell layer (GCL) comprises the 

ganglion cell bodies and displaced amacrine cells. The inner plexiform layer (IPL) 

where the axons of ganglion cells synapse onto bipolar cells, while amacrine cells 

modulate this electrical conduction. The inner nuclear layer (INL) contains the cell 

bodies of bipolar cells, horizontal cells, and amacrine cells [120]. 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 bodies of photoreceptors 

(rods and cones) which transforms input light into electrical currents. The external 

limiting membrane consists of gap-junctions between photoreceptor cells and Muller 

cells [121]. The retinal pigment epithelium (RPE) is the outermost retinal layer, 

composed of a monolayer of cuboidal cells, it supports photoreceptor cells, contributes 

to blood retinal barrier (BRB) maintenance, regulates ion and water transport and 

enables exchange of nutrient and waste between the choroid and the neurosensory 

retina [122]. 

 

 
Fig. 6. Schematic representation of the retinal architecture. The human retina consists of ten distinctive 

layers, each containing key cell types involved in phototransduction. These include photoreceptors (rods 

and cones), bipolar cells (glutamatergic or glycinergic neurons), horizontal cells (GABAergic neurons), 

amacrine cells, specialized glial cells (Muller cells), retinal ganglion cells. The arrow indicates the light 

transmission into the retina [123]. 
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Chapter II  

Retinal alterations resemble brain pathology in a rat model of Parkinson's 

disease induced by intranigral infusion of Ŭ-synuclein oligomers 
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Abstract  

Parkinson's disease (PD) is a debilitating neurodegenerative synucleinopathy, 

characterized by dopaminergic degeneration, pathological deposition of alpha-

synuclein (Ŭ-Syn), and neuroinflammation in both motor regions of the midbrain and 

non-motor areas of the cortex. Despite its motor-centric characterization, visual 

disturbances such as hallucinations, diplopia, altered contrast sensitivity and retinal 

abnormalities are well-documented non-motor changes of PD. While this evidence 

points to neuropathological processes in PD that extend beyond the brain, the 

neuropathological basis of retinal dysfunction and the role of Ŭ-Syn remain poorly 

investigated. Given the central neuropathological role of Ŭ-Syn in the PD brain, we 

assessed whether the retina is affected in a translational rat model of PD based on the 

intranigral bilateral infusion of toxic oligomers of human Ŭ-Synuclein (H-Ŭ-SynOs). 

Rats were stereotaxically injected with H-Ŭ-SynOs or PBS (Vehicle) into the substantia 

nigra pars compacta (SNpc) and sacrificed three months post-infusion. Thereafter, 

several retinal tissue pathological parameters, along with the expression patterns of 

selected miRNAs and inflammatory markers, were assessed. The retina of rats infused 

with H-Ŭ-SynOs exhibited high levels of phosphorylated-Ŭ-Syn (p-Ŭ-Syn), along with 
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a significant decrease of tyrosine hydroxylase (TH) expression, reflecting 

dopaminergic neuron disfunction. Analysis of PD-associated miRNAs in the retina 

also revealed heightened levels of miR-384-5p, which inversely correlated with the 

expression of its predicted molecular target, SIRT1, in rats infused with H-Ŭ-SynOs. 

Consistently, H-Ŭ-SynOs infusion induced a widespread activation of retinal astrocytes 

and microglial markers, associated with a heightened proinflammatory cytokine 

signaling downstream of TLR4/NFəB.  

Collectively, our data reveal that H-Ŭ-SynOs extend their neuropathological effects to 

retinal damage, reinforcing our rodent model ability to recapitulate PD pathology in 

both brain and retina. This study underscores the robustness of this preclinical model 

and its value as translational system for testing proactive interventions targeting PD-

related pathology.   

 

Keywords: Cytokines, dopaminergic neurons, glial cells, miRNAs, 

neurodegeneration, inflammation, synuclein.  

Graphical abstract 

 

Introduction  

Parkinson's Disease (PD) is a progressive and chronic neurodegenerative condition, 

characterized by the degeneration of dopaminergic neurons, the occurrence of alpha-

synuclein (ŬSyn)-enriched Lewy bodies in the brain, as well as neuroinflammation 
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affecting motor system [1,2]. Individuals diagnosed with PD experience a range of 

motor symptoms, including bradykinesia, resting tremor, muscular rigidity and 

postural instability, mainly attributable to dopaminergic deficiency caused by neuronal 

loss in the substantia nigra pars compacta (SNpc) [3ï5].  Moreover, non-motor signs 

are common, often preceding motor deficits by many years and becoming increasingly 

severe as the disease progresses [6]. Notably, visual dysfunction, such as visual 

hallucinations, diplopia (double vision) [7,8], low sensitivity to contrast and 

compromised color perception [9], as well as retinal abnormalities, represent well-

documented non-motor symptoms in PD [10]. Intriguingly, as an extension of the 

central nervous system (CNS), the retina may mirror the brain neuropathology of PD, 

opening to the investigation of retina for PD diagnosis and disease monitoring.    

Retinal structure and function are significantly affected in PD patients, with disease 

duration significantly impacting on retinal thickness, and with the severity of motor 

dysfunctions negatively correlating with retinal function [11]. Indeed, PD patients 

often exhibit retinal layers thinning [12,13], loss of dopaminergic retinal cells, and the 

accumulation of Ŭ-Syn aggregates in multiple retinal layers [14ï16]. While this 

evidence points to widespread neuropathological processes in PD that extend beyond 

the brain, the neuropathological basis of retinal dysfunction and the role of Ŭ-Syn 

remain poorly investigated.   

Recent studies indicate that soluble aggregates of Ŭ-Syn, particularly oligomers and 

protofibrils, stand as the most toxic species, being detrimental to both neurons and glial 

cells [17ï 19].  These toxic aggregates disrupt cellular functions and accelerate 

neurodegeneration, exacerbating PD progression [20]. In this context, exogenous 

human Ŭ-Syn oligomers (H-Ŭ-SynOs) have displayed neurotoxic effects when infused 

intracerebrally into the SNpc of adult rats, largely featuring the PD phenotype 

including motor and non-motor symptomatology. Accordingly, in this model, PD-like 

neuropathology (i.e., dopaminergic neuron degeneration, phosphorylated Ŭ-Syn 

deposits, and neuroinflammation) was observed not only at the infused site but also in 

distant brain regions, highlighting the spread of Ŭ-Syn pathology [21ï23].  

Inflammation stands as a prominent player in the pathogenesis of PD [24], and a clear 

association has been established between inflammation and PD risk [19,25]. Previous 

studies have established that oligomeric Ŭ-Syn elicits an intense immune cells 

activation in the brain, mainly through binding to Toll-like receptors (TLRs) 
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[21,22,26ï29]. Similarly, immune cell activation induced by oligomeric Ŭ-Syn has 

been recently described in peripheral blood of PD patients, suggesting that Ŭ-Syn 

pathology and immune dysregulation synergistically contribute to PD pathology both 

within and beyond the brain [30,31].  

Retinal Ŭ-Syn pathology has been investigated in rodents, however previous studies 

addressed this issue in prodromal models of PD, which do not fully recapitulate the 

main neuropathological brain features [32]. Therefore, the role of Ŭ-Syn toxic species 

in the retina in PD remains uncertain. Motivated by human data reporting retinal 

abnormalities in PD patients and the retina's integral connection to the CNS, we aimed 

to determine whether intracerebral infusion of toxic Ŭ-Syn could induce retinal 

pathology characteristic of PD. To address this, we exploited a well-established rat 

model of PD, induced by the intranigral infusion of H-Ŭ-SynOs [21], and investigated 

whether Ŭ-Syn administered into the brain could lead to retinal dysfunction, in addition 

to the previously documented PD-related pathological changes in the brain.   

 

Results  

Increased retinal p-Ŭ-Syn expression following intracerebral infusion of H-Ŭ-

SynOs  

Considering that Ŭ-Syn is a widely distributed protein in PD brain, and that the retina 

is reported to serve as a mirror reflecting the state of the CNS [10], we investigated 

the impact of the intranigral infusion of H-Ŭ-SynOs on the expression of Ŭ-Syn and 

p-Ŭ-Syn in rat retinas.  

Immunofluorescence experiments revealed that rats subjected to intracerebral H-Ŭ-

SynOs infusion showed a significant increase in Ŭ-Syn expression within specific 

retinal layers, particularly the inner plexiform layer (IPL), and a significant decrease 

in the retinal pigmented epithelium (RPE) layer, compared to the retinas of vehicle-

injected rats (Fig. 1 A, Aô). The principal marker for Ŭ-Syn aggregation in PD is 

phosphorylation at serine 129 (pS129) of this protein [33,34]. To evaluate whether the 

intranigral infusion of H-Ŭ-SynOs induced pS129-Ŭ-synuclein inclusions in the retina, 

we performed immunohistochemical analyses. Notably, we observed an increased 

expression of p-ŬSyn in the outer plexiform (OPL) and RPE layers of H-Ŭ-SynOs 

infused rats compared to control rats (Fig. 1 B, Bô).   
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Consistently with immunohistochemical findings, Western blot (WB) analysis 

confirmed a significant elevation of p-Ŭ-Syn protein expression levels in the retinas of 

rats receiving intracerebral H-Ŭ-SynOs infusion compared to the vehicle-injected rats, 

relative to basal a-Syn levels (Fig. 1 C, Cô).   

 

H-ŬSynOs-induced dopaminergic disfunction in the retina  

Consistently with the heightened levels of retinal p-Ŭ-Syn observed in rats receiving 

intracerebral HŬ-SynOs infusion, and the vulnerability of dopaminergic neurons 

reported in PD [18,19,29,30], we explored the impact of H-ŬSynOs infusion on 

dopaminergic neurons integrity in the retina. To test such changes, we immunostained 

retinal sections for TH, which catalyzes the rate-limiting step in the biosynthesis of 

dopamine [35]. We found a significant reduction of neurons expressing tyrosine 

hydroxylase (TH) in the retina of H-ŬSynOs-infused rats compared to controls, likely 

reflecting an impairment in this neuronal population (Fig. 2 A, Aô). Particularly, this 

reduction was substantially evident in the IPL layer of the rat retinas.  

Consistently, WB analysis corroborated the results obtained for the TH count, 

confirming that the HŬ-SynOs infusion triggered a significant decrease in TH 

expression (Fig. 2 B, Bô).   

As a control of H-Ŭ-SynOs toxicity against dopaminergic neurons, stereological 

counting of TH+ cells within the substantia nigra pars compacta (SNpc) showed a 

significant reduction in cell number in HŬSynOs-infused rats as compared to vehicle-

treated rats, further supporting the above-mentioned findings (Supplementary Fig. 1).  

  

Upregulation of predicted PD-associated miRNAs in the retinas of H-Ŭ-SynOs-

infused rats  

Altered expression pattern of miRNAs have been implicated in various 

neurodegenerative processes, including retinal damage [36]. Therefore, after 

identification of miRNAs associated with PD, we constructed a miRNA-to-pathway 

network (Fig. 3 A) to predict their combinatorial effects of these miRNAs on various 

targets and associated pathways known to be involved in PD. After inspecting the 

targets of each pathway and selecting those with at least one member of ñTNF 

signaling pathwayò as a miRNA target, we performed an inverse search to create a 



 

 72 

pathway-to-miRNA network (Fig. 3 B). On the basis of the centrality metrics analysis 

of the two enriched networks (Fig. 3 A, B), supported also by literature-based rescoring 

of the predicted list of putative miRNAs, we evaluated the expression of nine miRNAs 

(miR-128-2-5p, miR-128-3p, miR-384-5p, miR-155-5p, miR-146a5p, miR-let7a-5p, 

miR-125b-5p, miR-27a-3p, miR-27a-5p) in the retinas of H-ŬSynO-infused rats as 

compared to vehicle-treated rats. Interestingly, out of the nine miRNAs analyzed 

(Supplementary Table 1), real-time PCR analyses highlighted a statistically significant 

upregulation of three predicted PD-associated miRNAs, namely miR-27a-3p, miR-

128-2-5p, miR-384-5p, in the retina of H-Ŭ-SynOs-infused rats (Fig. 3 C).   

  

miR-384-5p-target molecule SIRT1 is reduced in the retina of H-Ŭ-SynOs-

infused rats  

Among the dysregulated miRNAs identified in our model, we focused on the 

upregulation of miR384-5p expression in rats subjected to H-Ŭ-SynOs infusion. This 

microRNA has previously been found to play a crucial role in both in vitro and in vivo 

models of PD [37,38]. Since Sirtuin 1 (SIRT1) is a validated (according to Tarbase v8 

algorithm) [39] and a predicted target (according to microTG algorithm) [40] of miR-

384-5p, we analyzed the retinal expression levels of SIRT1 protein. We observed a 

significant decrease in SIRT1 protein expression, compared to the vehicle-infused 

group (Fig. 4).   

Immunofluorescence analysis revealed that such a reduction in SIRT1 was specifically 

detected in the IPL and OPL of the retinas in H-Ŭ-SynOs infused rats compared to 

vehicle-injected rats (Fig. 4 A, Aô). Furthermore, WB analysis confirmed the 

significant decrease in SIRT1 protein levels in the retina of H-Ŭ-SynOs infused rats 

relative to the controls (Fig. 4 B, Bô).  

  

Retinal macroglia and microglia activation in H-Ŭ-SynOs-Infused Rats  

To better understand inflammatory changes in the retina, as a part of the broader 

spectrum of PD neuropathological processes regulated by SIRT1 and Ŭ-Syn 

accumulation [46,47], we evaluated the extent of retinal macroglia and microglia 

activation, by assessing the expression of glial fibrillary acidic protein (GFAP) and 

ionized calcium-binding adapter molecule 1 (Iba-1), respectively.    
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Immunofluorescence analysis of retinal sections showed that GFAP immunoreactivity 

was virtually limited to the inner margin of the retina and mostly restricted to the 

ganglion cell layer (GCL) in vehicle-injected rats (Fig. 5 A). In contrast, retinas of H-

Ŭ-SynOs-infused rats exhibited intense GFAP immunoreactivity, with radiating 

brightly stained processes extending throughout the entire retinal thickness and to the 

outer nuclear layer (ONL) (Fig. 5 A, Aô).   

GFAP protein expression was also assessed by WB analysis, revealing a prominent 

expression in the retinas of H-Ŭ-SynOs-infused rats (Fig. 5 B, Bô).  

Confocal microscopy images for Iba-1 immunostaining, while generally showing a 

low number of microglial cells in retinas of both Vehicle- and H-Ŭ-SynOs-infused rats, 

demonstrated a marked increase in Iba-1-positive cells particularly within the IPL and 

OPL of the retinas of H-Ŭ-SynOsinfused rats (Fig. 5 C), compared to Vehicle-treated 

controls where Iba-1 immunoreactivity was less pronounced and primarily localized 

to the GCL, indicating a distinct, region-specific pattern of microglial activation in 

response to Ŭ-Syn infusion. Consistent with these observations, WB analysis revealed 

a significant increase in Iba-1 expression levels in the retina of H-Ŭ-SynOs-infused rats 

(Fig. 5 D, Dô).  

 

Activation of the TLR4/NF-əB axis and inflammatory response in the rat retina 

after intracerebral infusion of H-Ŭ-SynOs  

To further understand the inflammatory processes occurring in the retina of H-Ŭ-

SynOs-infused rats, we investigated the activation of the TLR4/NF-əB axis. Confocal 

immunofluorescence analysis revealed a significant upregulation of TLR4 expression 

in the retina of H-Ŭ-SynOs-infused rats as compared to vehicle-infused rats. Such a 

heightened expression was particularly evident in specific retinal layers, particularly 

in the IPL of H-Ŭ-SynOs-infused rats (Fig. 6 A, Aô). Furthermore, WB results 

confirmed the increased TLR4 protein expression in retinas of H-Ŭ-SynOs-infused rats 

as compared to vehicle-infused rats (Fig. 6 B, Bô). The increased expression of TLR4 

was also accompanied by downstream activation of the transcription factor NF-əB, as 

evidenced by the heightened expression of phosphorylated NF-əB (p-NF-əB) in the 

retina of H-Ŭ-SynOs-infused rats (Fig. 6 C, Cô).   

Since TLR4/NF-əB pathway ultimately results in the induction of pro-inflammatory 

cytokines production [43], we next investigated the retinaôs inflammatory cytokine 
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profile. Specifically, WB analysis showed a significant increase in the expression of 

the inflammatory cytokines TNF-Ŭ and TNFSF10 (Fig. 6 D, Dô).  

  

Discussion  

 

Several retinal alterations, including retinal thinning [44] and dopaminergic neuron 

dysfunction [14], have been observed in patients with PD. Notably, the retinas of PD 

patients frequently exhibit the accumulation of p-Ŭ-Syn [15,16], a well-established 

marker of Ŭ-Syn aggregation, which mirrors the brainôs Ŭ-Syn pathology [1,2,45]. Such 

changes suggest that the retina, as an integral component of the CNS [10], may actively 

recapitulate the brain neuropathological processes associated with PD.   

In the present study, we demonstrate that the infusion of toxic oligomeric Ŭ-Syn species 

into the rat SNpc induces multiple pathological alterations in the retina that largely 

resemble human PD retinal pathology, suggesting a causal role of toxic Ŭ-Syn in retinal 

impairment, and confirming the high toxicity of these protein aggregates [46]. 

Importantly, retinal changes were investigated in a well characterized rat model of PD, 

previously shown to exhibit hallmark brain pathology, including dopaminergic neuron 

degeneration leading to motor deficits, deposition of p-Ŭ-Syn and neuroinflammation 

in both motor and cortical regions [21ï23,47]. A pivotal advantage of the model used 

in this study lies in the high homogeneity of Ŭ-Syn species infused into the rat brain, 

in terms of structure and size, allowing for the assessment of the specific toxicity of 

oligomeric protein species [46]. Our results are in line with previous seminal studies 

reporting p-Ŭ-Syn aggregates in transgenic mice, such as the TgM83 and the Thy1-

h[A30P]Ŭ -Syn mouse models [32,48], which have shown a causal link between Ŭ-Syn 

overexpression and retinal pathology. However, these models lack a detailed 

prodromal profile, particularly with respect to key PD hallmarks, such as dopaminergic 

neuron dysfunction or inflammation in the retina and/or in the brain. This gap 

underscores the need for a model that effectively capture the retinal-brain correlation 

in PD. Moreover, other studies have reported retinal ganglion cells apoptosis and 

altered retinal thickness in a toxin-induced model of PD [49,50].   

Our findings show that the intranigral infusion of toxic H-Ŭ-SynOs disrupts the balance 

between ŬSyn and p-Ŭ-Syn in the rat retina, with increased expression of p-Ŭ-Syn 
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(pS129) particularly in synapse-rich layer such as the OPL and in the RPE, a layer 

essential for photoreceptor maintenance and visual function. Consistently, previous 

studies reported the preferential accumulation of phosphorylated Ŭ-Syn in the OPL, a 

synapse-rich region connecting photoreceptors, horizontal cells, and bipolar cells, 

where it causes severe degeneration and rod pathway dysfunction, contributing to 

visual deficits [51]. In such a scenario, our finding potentially suggests synaptic 

vulnerability, consistent with prodromal PD pathology.  In parallel, p-Ŭ-Syn 

accumulation in the RPE [52], highlights how Ŭ-Syn toxicity compromises retinal 

homeostasis and contribute to the visual disturbances typical of PD.  While a detailed 

investigation of transmission through the visual pathway falls outside the scope of this 

study, our findings, together with previous studies [21ï23,34], support the hypothesis 

that H-Ŭ-SynOs, once infused into the SNpc, may have triggered a spreading process, 

likely through the neural connectome. Consistent with the neuropathological features 

of proteinopathies such as PD, these toxic Ŭ-Syn species may recruit endogenous Ŭ-

Syn, promoting its conversion into phosphorylated aggregates that progressively 

spread. This process could underlie the widespread pathology observed, reaching areas 

distant from the infusion site and even outside the brain, such as the retina [23].   

Consistently with the pronounced expression of p-Ŭ-Syn in the retina of H-Ŭ-SynOs-

infused rats, we also observed a significant reduction in the retinal expression of TH. 

While this result is suggestive of dopaminergic dysfunction, we acknowledge that a 

decrease in TH expression does not definitively imply neuronal death. Instead, it may 

reflect a loss of dopaminergic phenotype or functional suppression due to Ŭ-Syn-

related toxicity. This observation extends previous evidence of dopaminergic 

alterations in the brain of the same PD model [21,22], supporting the hypothesis that 

Ŭ-Syn toxicity is not confined to the nigrostriatal system but exerts widespread effects 

on CNS dopaminergic networks, including retinal projections.   

At the molecular level, our study identifies the involvement of miRNAs, which are 

recognized as key regulators of PD pathogenesis [53ï55]. Specifically, we observed a 

significant upregulation of three miRNAs predicted to be implicated in PD 

pathogenesis, namely miR-27a-3p, miR-128-2-5p and miR-384-5p in the retina of H-

Ŭ-SynOs-infused rats. Notably, miR-27a-3p is predicted to target SRRM2, a protein 

that regulates spliceosome activity. Dysregulation of SRRM2 splicing has been 

reported in the PD brain [56], and both miR-27a-3p and SRRM2 have been described 
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in peripheral leukocytes PD patients and proposed as early disease biomarkers [57]. In 

addition, an upregulation of miR-27a-3p has also been observed in the hippocampus 

of patients affected by Alzheimerôs disease [58], further supporting its involvement in 

neurodegenerative processes.   

We also found a significant upregulation of miR-128-2-5p in the retina of our PD rat 

model, a miRNA known to regulate neuroinflammatory genes, and highly represented 

in peripheral immune cells of patients affected by neurodegenerative diseases [59].  

Noteworthy, we found a significant upregulation of miR-384-5p and a concurrent 

reduction in expression level of its molecular target, SIRT1, in the retinas of rats 

infused with H-Ŭ-SynOs. This finding aligns with previous evidence indicating an 

uptick in the expression of miR-384-5p in dopaminergic neuronal-like SH-SY5Y cells 

treated with rotenone [37], a compound widely employed to model PD pathology. In 

our in vivo model of PD, we confirmed that miR-384-5p acts as a negative regulator 

of SIRT1 expression in the retina, reinforcing its role in PD-related retinal degeneration 

[60]. The observed downregulation of SIRT1 protein expression, supports the 

hypothesis that miR384-5p may contribute to retinal damage by suppressing 

neuroprotective pathways, given SIRT1ôs established role in regulating inflammation 

and oxidative stress [41,61,62].  

Building upon our understanding of SIRT1's role in modulating the neuroinflammatory 

responses, we observed a pronounced macroglial and, to a lesser extent, microglial 

activation, in the retinas of H-ŬSynOs-infused rats, as indicated by the marked 

expression of GFAP and Iba-1-immunoreactivity, respectively. Regarding the latter, 

while retinas from vehicle-treated rats showed limited Iba-1 immunoreactivity 

primarily localized in the GCL, retinas of H-Ŭ-SynOs-infused rats exhibited a marked 

increase in Iba-1-positive cells particularly in the IPL and OPL, indicating a region-

specific pattern. Such apparent discrepancy in microglial localization is likely due to 

the dynamic nature of retinal microglia, which can become activated and redistribute 

across different retinal layers in response to pathological stimuli [63]. Importantly, 

these changes occurred in the absence of a direct retinal exposure to Ŭ-SynOs, 

indicating that the inflammatory response was a secondary effect of the CNS infusion, 

and that brain-derived Ŭ-Syn toxicity may propagate the inflammatory signal to distant 

neural structures such as the retina. These findings align with previous studies linking 
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H-Ŭ-SynOs toxicity to neuroinflammatory responses in several brain regions, 

including those related to motor and cognitive functions [21,22,47].   

Such a sustained inflammatory environment, alongside the presence of p-a-Syn [64], 

was coupled with a significant increase of TLR4 expression and downstream activation 

of the NF-əB transcription factor in the retinas of H-SynO-infused rats. Dysregulation 

of TLR4, a member of TLR family expressed on cells of the innate immune system 

including glial cells, plays a crucial role in alphasynucleinopathies [65] by amplifying 

glial pro-inflammatory responses triggered by Ŭ-Syn aggregates [65,66]. Thus, the 

heightened expression of astrocytic and microglial markers, coupled with TLR4/NF-

əB axis activation, highlights the pivotal role of innate immune responses in driving 

retinal inflammation. Indeed, a sustained activation of the TLR4/NF-əB pathway 

contribute to amplify the retinal pro-inflammatory profile in PD, as evidenced by a 

marked increase in the expression of downstream pro-inflammatory cytokines such as 

TNF-Ŭ and TNFSF10 observed in the retina of H-Ŭ-SynOs infused rats.   

Collectively, our study provides compelling evidence that intracerebral infusion of H-

Ŭ-SynOs initiates a cascade of multiple retinal alterations that recapitulates key 

pathological features observed in PD patients. Specifically, intracerebral infusion of 

H-Ŭ-SynOs induces the accumulation of p-ŬSyn in several retinal layers, reduces TH 

expression in dopaminergic cells potentially reflecting phenotypic impairment, alters 

the expression of PD-related miRNAs (notably miR-384-5p), and suppresses the 

neuroprotective factor SIRT1. These molecular shifts promote a pro-inflammatory 

state, as evidenced by the upregulation of TLR4 and NF-əB signaling and the increased 

expression of cytokines like TNF-Ŭ and TNFSF10. We hypothesize that these 

components interact in a feedforward loop, wherein Ŭ-Syn aggregation, miRNA 

imbalance, and immune activation reinforce one another, driving retinal dysfunction. 

Although mechanistic dissection was not the primary focus of this study, our data 

highlight several pathways potentially involved in Ŭ-Syn-induced retinal dysfunction. 

While further work is required to establish direct causality and assess therapeutic 

potential, these initial insights provide a valuable framework for future investigation.  

Altogether, these findings not only emphasize the retina as a valuable site for 

monitoring brain neurodegenerative processes in PD but also offer new insights into 

the molecular and cellular mechanisms driving retinal pathology. Our study bridges a 

crucial gap between preclinical models and clinical observations, reinforcing the 
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retinaôs potential as a surrogate site for monitoring disease progression and exploring 

mechanistic targets in neurodegeneration.  

 

Materials and methods  

 

Animals and stereotaxic surgery  

34 male SpragueïDawley rats (275ï300 g, ENVIGO RMS S.R.L., San Pietro al 

Natisone, Italy) were housed in standard conditions of temperature (21 Ñ 1 ÁC) and 

humidity (60%) under a 12 h light/dark cycle (lights on 7:00 A.M) with access to 

standard chow and water ad libitum. After deep anesthesia with Fentanyl (3 mg/kg) 

and medetomidine hydrochloride (0.35 mg/kg), rats at 3 months of age were 

stereotaxically injected with 5 ÕL of H-Ŭ-SynOs into the SNpc (coordinates relative to 

bregma; ī5.4 mm anteroposterior;Ñ 1.9 mm from the midline; ī7.2 mm beneath the 

dura) bilaterally at the rate of 1 ÕL/min via a silica microinjector (n = 17). Control 

animals, indicated as vehicle, received sterile phosphate buffer saline (PBS) (n = 17).  

Animals were assigned randomly to the different experimental groups.   

Three-months after H-Ŭ-SynOs infusion one group of animals was deeply anesthetized 

and transcardially perfused in ice-cold 0.1 M PBS (pH 7.4) followed by 4% 

formaldehyde (n = 5 from each experimental group) for immunofluorescence analysis. 

Fresh retinal tissues were collected from a separate group of animals (n = 12 from each 

experimental group), which were also transcardially perfused with ice-cold PBS prior 

to tissue collection and stored at ī80 ÁC for subsequent molecular analysis.   

All procedures were performed in accordance with the ARRIVE guidelines and with 

the guidelines and protocols approved by the European Community (2010/63UE L 276 

20/10/2010). Experimental protocols were approved by the Italian Ministry of Health 

(authorization N. 766/2020-PR). Every endeavor was undertaken to minimize animal 

suffering and discomfort while also reducing the number of experimental animals 

employed.  

 

Production of Recombinant H-Ŭ-Syn  

Recombinant human Ŭ-synuclein (H-Ŭ-Syn) was purified in E. coli using plasmid pT7-

7 encoding for the protein as previously described [46]. Briefly, protein expression was 

induced with 1 mM IPTG at  
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37 ÁC for 4 h. The cell lysate was centrifuged at 22,000 x g (Beckman Coulter, Brea, 

CA, USA) for 30 min, and the supernatant was then heated for 20 min at 70 ÁC. After 

an additional centrifugation at 22,000 x g, 10 mgĿmLī1 streptomycin sulfate was 

added to the supernatant for DNA precipitation performing two steps of precipitation 

and centrifugation. Subsequently, 360 mgĿmLī1 ammonium sulfate was added to the 

supernatant to precipitate the recombinant H-ŬSyn. The obtained pellet was 

resuspended in 25 mM TrisïHCl, pH 7.7 and, after dialysis against the same buffer, 

loaded onto an anion exchange column (26/10 Q sepharose high performance, GE 

Healthcare, Little Chalfont, UK) to be eluted with a 0ï1 M NaCl step gradient. Further 

purification was achieved by applying size exclusion chromatography (Hiload 26/60 

Superdex 75 preparation grade, GE Healthcare). The purity of the sample was analyzed 

by SDS-PAGE, and the protein concentration was determined from the absorbance at 

275 nm using an extinction coefficient of 5600 Mī1Ŀcmī1.  

 

Purification of H-Ŭ-SynOs  

Toxic oligomeric samples were prepared from purified recombinant H-Ŭ-Syn as 

previously described [46]. Lyophilized protein was resuspended in PBS buffer at a pH 

of 7.4 and a concentration of 12 mgĿmLī1, then passed through a 0.22 ɛm cutoff filter 

before incubation at 37 ÁC for 24 h without agitation. Residual fibrillar species were 

removed by ultracentrifugation for 1 h at 288,000 g, and excess of monomers were 

removed using several filtration steps with 100 kDa cutoff membranes. At the end of 

the purification procedure, and prior to intracerebral inoculation, oligomers were tested 

for endotoxin contamination via the LAL (Limulus Amebocyte Lysate) assay 

(Kairosafe, Italy).  

  

Bioinformatics analysis  

To identify microRNAs (miRNAs) putatively dysregulated in the retina of our rat PD 

model, we conducted a literature search to identify miRNAs associated with PD. Then, 

we identified the rat homologous sequence (rno-miR-128-2-5p; rno-miR-128-3p; rno-

miR-384-5p; rno-miR-155-5p; rnomiR-146a-5p; rno-miR-let7a-5p; rno-miR-125b-

5p; rno-miR-27a-3p; rno-miR-27a-5p). Subsequently, using DIANA-miRPath v.3 

(accessed on May 2023), we analyzed these miRNAs dysregulated in PD to predict 

their combinatorial effects on different targets then, associated pathways known to be 
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implicated in the disease. A miRNA-to-pathway network based on DIANA-miRPath 

v.3 was constructed and analyzed using Cytoscape v.3.7.0. Thereafter, targets of each 

pathway identified in the preliminary query of DianamiRPath were inspected and 

filtered for those involving at least one member of the TNF signaling pathway. 

Subsequently, an inverse search with DIANA-miRPath v.3 was performed to build a 

pathway-to-miRNA network. Centrality metrics analysis of networks was carried out 

using Cytoscape v.3.7.0.  

 

microRNA extraction, cDNA synthesis, and qPCR  

Retinas were extracted from the ocular globes and placed in RNAlater solution 

(Ambion Biosystems, Austin, TX, USA). Samples were stored at 4 ÁC overnight and 

subsequently transferred to ī80 ÁC. Total RNA extraction from rat retina samples was 

conducted using TRIzol Reagent (Invitrogen, Life Technologies, Carlsbad, CA), 

following the manufacturerôs guidelines. To increase RNA yields, 5 ɛg of glycogen 

was added to the aqueous phase of each sample. The A260/A280 ratio of the optical 

density of RNA samples was measured with Nanodrop 1000 spectrophotometer 

(ThermoFisher Scientific Inc., MA, USA). For cDNA synthesis, 20 ng of total  

RNA was retrotranscribed with TaqManÈ microRNA Reverse Transcription Kit 

(ThermoFisher Scientific Inc., Cat. No. 4366596), as per the manufacturerôs 

instructions. MiRNA expression was evaluated by TaqmanÈ MicroRNA Assays 

(ThermoFisher Scientific Inc., Cat. No 4427975) and TaqmanÈ Universal Mastermix 

II no UNG (ThermoFisher Scientific Inc., Cat. No 4440043). The following 

microRNAs (miRNAs) were analyzed: rno-miR-128-2-5p (assay ID: 464165_mat), 

rnomiR-128-3p (assay ID: 002216), rno-miR-384-5p (assay ID: 002602), rno-miR-

155-5p (assay ID: 002571), rno-miR-146a-5p (assay ID: 000468), rno-let-7a-5p (assay 

ID: 000377), rno-miR-125b-5p (assay ID: 000449), rno-miR-27a-3p (assay ID: 

000408), rno-miR-27a-5p (assay ID: 002445). The miR-16-5p (assay ID: 000391) was 

used as an endogenous control for the normalization. Real-time PCR was carried out 

on a 7,900 HT Fast Real Time PCR System (Applied Biosystems, Monza, Italy). 

Differentially expressed miRNAs were identified by calculating expression fold 

changes by the 2īȹȹCt method.   
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Tissue homogenization and protein extraction  

Retinas isolated from rats injected with H-ŬSynOs and control rats were dissected in 

ice-cold Hankôs balanced salt solution (HBSS: 137 mM NaCl, 5.4 mM KCl, 0.45 mM 

KH2PO4, 0.34 mM Na2HPO4, 4 mM, NaHCO3, 5 mM glucose; pH 7.4). For protein 

extraction, retinal tissues were lysed in RIPA buffer containing protease and 

phosphatase inhibitor mixture (ThermoFisher Scientific Inc.) and sonicated on ice 

(three pulses of 2 s each). After sonication, the homogenates were centrifuged at 

14,000 rpm for 10 min at 4 ÁC and the supernatant was collected. The protein 

concentration of the supernatant was determined using the Bradford method [67].  

 

Western blot analysis  

Equal amounts of protein extracts (40 Õg) were resolved on 8ï12% SDS-PAGE gels 

and transferred onto Hybond ECL nitrocellulose membranes (GE Healthcare, Little 

Chalfont, UK). The membranes were blocked for 1 hour at RT with 5% nonfat dry milk 

or 5% BSA in phosphate-buffered saline plus 0.1% Tween 20 (PBS-T). For primary 

antibody reactions, a rabbit anti-Ŭ-Syn (Cell Signaling Technology Inc., Danvers, MA, 

USA), or a rabbit anti-p-Ŭ-Syn (Abcam, Cambridge, UK), or a mouse anti-TH (Merck 

Millipore, Burlington, MA, USA), or a rabbit anti-SIRT1 (Santa Cruz Biotechnology  

Inc., Santa Cruz, CA, USA), or a mouse GFAP (Cell Signaling Technology Inc.), or a 

rabbit Iba-1 (ThermoFisher Scientific Inc.), or a mouse TLR4 (Santa Cruz 

Biotechnology Inc.), or a rabbit antiNFəB p65 (Santa Cruz Biotechnology Inc.), or a 

rabbit anti-p-NFəB p65 (Santa Cruz Biotechnology Inc.), or a goat anti-TNF-Ŭ 

antibody (Santa Cruz Biotechnology Inc.), or a rabbit anti-TNFSF10, were added to 

membranes and incubated overnight at 4 ÁC on an orbital shaker. Subsequently, the 

membranes were washed with PBS-T and probed for 1 hour at RT with the appropriate 

horseradish peroxidase-conjugated anti-rabbit or anti-mouse or anti-goat IgG antibody 

(Amersham Life Science, Buckinghamshire, UK). Beta-tubulin or ɓ-actin (Santa Cruz 

Biotechnology Inc.) were used as control to verify the amount of protein loaded in the 

gels. Following another round of washing with PBS-T, the protein bands were 

visualized using enhanced chemiluminescence (ThermoFisher Scientific Inc.) and 

captured using the iBright FL1500 Imaging System (ThermoFisher Scientific Inc.). 

Densitometric analysis of band intensity on immunoblots was performed using 

IMAGE J software (https://imagej.nih.gov/ij/). See Original Data for full and 
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uncropped western blots. Detailed information about the antibodies used are reported 

in Supplementary Table 2.  

Immunofluorescence staining  

After collection, eye globes were fixed in 4% w/v paraformaldehyde solution in PBS 

with a pH of 7.4 for 2 h at room temperature. Paraffin-embedded retinal tissues were 

sliced into 5ɛm sections and placed on glass slides. After deparaffinization and 

rehydration, tissue specimens were treated as previously described [68] with some 

adjustments. Briefly, after antigen retrieval in sodium citrate buffer (10 mM sodium 

citrate, 0.05% Tween-20, pH 6.0) through microwave treatment for 15 minutes, slides 

were washed twice for 5 min in PBS containing PBS containing 0.025% Tween20 

(PBS-T). Subsequently, they were blocked in 3% BSA in PBS-T for 1 hour at RT in an 

humid chamber, and then incubated overnight at 4ÁC with BSA 1% with the following 

primary antibodies: a rabbit anti-Ŭ-Syn (Cell Signaling Technology Inc.), or a rabbit 

anti-p-Ŭ-Syn (Abcam), or a mouse anti-TH (Merck Millipore), or a rabbit anti-SIRT1 

(Santa Cruz Biotechnology Inc.), or a mouse GFAP (Cell Signaling Technology Inc.), 

or a rabbit Iba-1 (ThermoFisher Scientific Inc.), or a mouse TLR4 (Santa Cruz 

Biotechnology Inc.). For fluorescence detection of the antigens of interest, after three 

washes in PBS of 5 min each, sections were incubated using the appropriate 

fluorescent-labeled secondary antibodies (ThermoFisher Scientific Inc.) for 1 hour at 

RT in the dark (See Supplementary Table 2 for the detailed list of antibodies used). 

Finally, for staining of nuclei and stabilization of fluorescent signals, slides were 

washed with PBS, covered with mounting medium with DAPI (F6057, Fluoroshield; 

Sigma-Aldrich, Milan, Italy) and secured with a coverslip. Digital images were 

acquired using a confocal laser scanning microscope (CLSM) (TCS SP8, Leica 

Microsystems GmbH, Wetzlar, Germany), using 40x objective and were processed 

using ImageJ software. Mean Fluorescence Intensity (MFI) was used to evaluate the 

intensity of the immunofluorescence signal. Briefly, after converting the images to 16-

bit, inverting to grayscale, and using the appropriate threshold function, the mean gray 

value of the images was measured [69]. To evaluate the percent area coverage of GFAP, 

images were first converted to 16-bit grayscale, and using the appropriate threshold 

function, the positive stained area in the images was measured. For TH+ cell counting, 

after converting single-color images to 16-bit grayscale and applying the appropriate 
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threshold to highlight the structures of interest, binary images were created. Positively 

stained cells were counted using the ñAnalyze Particlesò function.   

 

Brain TH immunohistochemistry and stereology  

After perfusion, brains were post-fixed overnight in 4% paraformaldehyde-PBS and 

stored in 0.1% NaN3-PBS at 4 ÁC. Subsequently, 40-Õm-thick serial sections of the 

midbrain were cut using a vibratome. Sections were blocked with normal donkey 

serum and then incubated with a polyclonal rabbit anti-TH (1:1000, Millipore, 

Burlington, MA, USA) primary antibody. The reaction was amplified using a 

biotinylated secondary antibody and visualized using the avidin-biotin-peroxidase 

complex (ABC, Vector, UK) method, with 3,3'-diaminobenzidine (Sigma-Aldrich, St. 

Louis, MO, USA) as a chromogen.   

TH-immunoreactive neurons were counted bilaterally in the SNPc, as previously 

described [70]. The counting was performed using a specialized software (Stereologer, 

System Planning and Analysis, Inc., Alexandria, VA, USA), which was linked to a 

motorized stage on a BX-60 Olympus light microscope (Olympus, Segrate, Italy). The 

total number of TH-positive cells was estimated using the optical fractionator method. 

This method combines the optical dissector with the fractionator sampling scheme, 

providing an unbiased estimation of the number of 3-D objects, regardless of their 

shape, size, and orientation [71]. Systematic random sampling of cells within the area 

of interest was achieved using the "Stereologer" software, which generated equidistant 

counting frames (frame area = 50 ɛmĮ). The sampling fraction was defined at low 

magnification, and cells were sampled using a Ĭ40 oil immersion objective through a 

specified depth with a 2 ɛm guard zone. The coefficient of error (CE) for each 

estimation and animal ranged from 0.05 to 0.1.  

 

Statistical Analysis  

Investigators that carried out treatment and analyses were blinded to group labels; 

group identities were revealed only after graph design and completion of statistical 

analyses. A low difference between the means of groups and homogeneous variance 

within the groups was expected and sample size was determined based on power 

analysis calculations using G*power software [72]. Criteria for exclusion of animals 

or corresponding samples included weight loss exceeding 20%, and signs of severe 
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distress. However, within the monitoring of animal health during the experiment, no 

animals or samples met the exclusion criteria during the study. Graph design and 

statistical analyses were carried out with Graphpad prism version 9.0 

(https://www.graphpad.com/scientific-software/prism/). After testing normality and 

homogeneity of variance of the data, a parametric (homoscedastic or Welch corrected) 

or non parametric unpaired t test was applied. Data were represented as 

means Ñ Standard deviation (SD), from at least three independent samples, and three 

technical replicates.  
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Figure 1: Intracerebral infusion of H-Ŭ-SynOs leads to pS129-Ŭ-synuclein accumulation in the retina. 

A) Confocal microscopy images of retinal slices stained with Ŭ-Syn antibody. Original magnification, 

x40. Scale bar = 50 Õm. Aô) Quantification of Ŭ-Syn expression in the IPL and RPE from H-Ŭ-SynOs 

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

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

stained with pS129-Ŭ-synuclein antibody (p-Ŭ-Syn). Original magnification, x40. Scale bar = 50 Õm. 

Bô) Quantification of p-Ŭ-Syn expression in the OPL and RPE from H-Ŭ-SynOs or Vehicle infused rats, 

presented as mean fluorescent intensity (MFI). Data are expressed as means ± SD. P values are based 

on two-tailed unpaired t test. N = 5 animals per group (Vehicle and Ŭ-SynOs); 5 independent retinal 

samples. C) Representative western blot images of Ŭ-Syn and p-Ŭ-Syn protein expression in retinal 

lysates from H-Ŭ-SynOs or Vehicle infused rats. Cô) Densitometric analysis of Western blots. Data are 

expressed as means ± SD. P values are based on two-tailed unpaired t test. N = 5 animals per group 

(Vehicle and Ŭ-SynOs); 5 independent retinal samples, 2 pooled retinas per sample of each group. 

*p Ò 0.05, **p Ò 0.01, ****p Ò 0.0001. 
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Figure 2: Intracerebral infusion of H-Ŭ-SynOs induced dopaminergic neuron disfunction in the retina. 

A) Confocal microscopy images of TH-stained retinal slices. Original magnification, x40. Scale 

bar = 50 Õm. Aô) Count of TH+ cells in the retinas from H-Ŭ-SynOs or Vehicle infused rats. Data are 

expressed as means ± SD. P values are based on two-tailed unpaired t test. N = 5 animals per group 

(Vehicle and Ŭ-SynOs); 5 independent retinal samples. B) Representative western blot images of TH 

protein expression in retinal lysates from H-Ŭ-SynOs or Vehicle infused rats. Cô) Densitometric analysis 

of Western blots. Data are expressed as means ± SD. P values are based on two-tailed unpaired t test. 

N = 5 animals per group (Vehicle and Ŭ-SynOs); 5 independent retinal samples, 2 pooled retinas per 

sample of each group. **p Ò 0.01, ****p Ò 0.0001.  
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Figure 3: Upregulation of predicted PD-associated miRNAs in the retinas of rats infused with H-

ŬSynOs. A) miRNA-to-pathway network as predicted by Diana MirPath v.3. B) pathway-to-miRNA 

network as predicted by Diana MirPath v.3. Node dimensions are directly proportional to node closeness 

centrality. Node colour (from blue to red) is proportional (temperature scale) to node grade value. Edge 

thicknesses are proportional to edge betweenness values. Centrality metrics analysis of networks was 

carried out using Cytoscape v.3.7.0. C) Graphs showing upregulation of predicted PDassociated miRNA 

in the retinas of rats infused with H-ŬSynO. Data are expressed as means ± SD. P values are based on 

two-tailed unpaired t test. N = 7 animals per group (Vehicle and Ŭ-SynOs). *p Ò 0.05.  
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Figure 4: miR-384-5p-target molecule SIRT1 is reduced in the retina of H-Ŭ-SynOs-infused rats. A) 

Confocal microscopy images of retinal slices stained with SIRT1 antibody. Original magnification, x40. 

Scale bar = 50 Õm. Aô) Quantification of SIRT1expression in the IPL and OPL from H-ŬSynOs or 

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

P values are based on two-tailed unpaired t test. N = 5 animals per group (Vehicle and ŬSynOs); 5 

independent retinal samples. B) Representative western blot images of SIRT1 protein expression in 

retinal lysates from H-Ŭ-SynOs or Vehicle infused rats. Bô) Densitometric analysis of Western blots. 

Data are expressed as means ± SD. P values are based on two-tailed unpaired t test. N = 5 animals per 

group (Vehicle and Ŭ-SynOs); 5 independent retinal samples, 2 pooled retinas per sample of each group. 

**p Ò 0.01, ***p Ò 0.001.  
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Figure 5: Enhanced retinal macroglia and microglia activation following intracerebral H-ŬSynOs 

infusion. A) Confocal microscopy images of GFAP-stained retinal slices. Original magnification, x40. 

Scale bar = 50 Õm. The inset represents the zoom-in area indicated in the full -scale image.  Aô) 

Quantification of percent area coverage of GFAP staining in the retina from H-Ŭ-SynOs or Vehicle 

infused rats. Data are expressed as means ± SD. P values are based on two-tailed unpaired t test. B). 

Representative western blot images of GFAP protein expression in retinal lysates from H-Ŭ-SynOs or 

Vehicle infused rats. Bô) Densitometric analysis of Western blots. Data are expressed as means Ñ SD. 
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P values are based on two-tailed unpaired t test. C) Confocal microscopy images of retinal slices stained 

with Iba-1 antibody. Original magnification, x40. Scale bar = 50 Õm. The inset represents the zoom-in 

area indicated in the full-scale image. D) Representative western blot images of Iba-1 protein expression 

in retinal lysates from H-Ŭ-SynOs or Vehicle infused rats. Dô) Densitometric analysis of Western blots. 

Data are expressed as means ± SD.  P values are based on two-tailed unpaired t test. For IHF N= 5 

animals per group (Vehicle and Ŭ-SynOs); 5 independent retinal samples. For WB analysis N = 5 

animals per group (Vehicle and Ŭ-SynOs); 5 independent retinal samples, 2 pooled retinas per sample 

of each group. *p Ò 0.05, **p Ò 0.001, ****p Ò 0.0001.  

 

Figure 6: Activation of the TLR4/NF-əB axis and inflammatory response in the rat retinas following 

intracerebral H-Ŭ-SynOs infusion. A) Confocal microscopy images of TLR4-stained retinal slices. 

Original magnification, x40. Scale bar = 50 Õm. Aô) Quantification of TLR4 expression in the IPL and 

OPL from H-Ŭ-SynOs or Vehicle infused rats, presented as mean fluorescent intensity (MFI). Data are 

expressed as means ± SD. P values are based on two-tailed unpaired t test. B) Representative western 

blot images of TLR4 protein expression in retinal lysates from H-Ŭ-SynOs or Vehicle infused rats. Bô) 

Densitometric analysis of Western blots. C) Representative western blot images of p-NFəB and NFəB 

proteins expression in retinal lysates from H-Ŭ-SynOs or Vehicle infused rats. Cô). Densitometric 
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analysis of Western blots. D) Representative western blot images of TNF-a and TNFSF10 proteins 

expression in retinal lysates from H-Ŭ-SynOs or Vehicle infused rats. Dô) Densitometric analysis of 

Western blots. Data are expressed as means ± SD. P values are based on two-tailed unpaired t test. For 

WB analysis N = 5 animals per group (Vehicle and Ŭ-SynOs); 5 independent retinal samples, 2 pooled 

retinas per sample of each group. *p Ò 0.05, ****p Ò 0.0001.  

 

Supplementary information is available at Cell Death Discovery website 
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General discussion and conclusions 

 

Once considered an immune-privileged site, the CNS is now recognized as an 

actively regulated compartment by the immune system [104]. The CNS is actually 

under constant immune surveillance in physiological conditions, and upon injury, the 

brainôs response includes the activation of CNS-resident glia and the influx of different 

immunocytes, collectively constituting neuroinflammation, the ñflamesò of the brain 

[124].  

Several neurological disorders are associated with neuroinflammation, where 

while it is initially protective, ultimately fuels neurodegeneration, including multiple 

sclerosis, stroke and neurodegenerative diseases such as AD and PD [46,108,125,126]. 

Although differences in disease-specific mechanisms, AD and PD share certain 

patterns of pathological events, including age-related incidence, aggregation of altered 

proteins in neuronal cells, the spreads of toxicity all over different brain areas [127], 

and most interestingly, a sustained neuroinflammatory cascade. An improved 

comprehension of the latter is crucial for advancing effective therapeutic targets and 

diagnostics strategies. 

AD is increasingly recognized not only as a disorder of amyloid and tau 

accumulation but also of chronic inflammation, as evidenced by sustained glial 

activation, cytokines release, and enrichment of risk variants in key inflammatory 

genes and immune pathways [39,49]. In this light, approaches aimed at targeting the 

dysregulated immune response are emerging as promising strategies in the evolving 

landscape of AD treatment [128]. 

Specifically, cytokines, a group of immune signalling molecules that mediate 

cell to cell communication and contribute to inflammatory processes, represent 

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 to set into motion and sustain neurodegeneration-related 

neuroinflammation in the pathogenesis of several immunological disorders and to act 

as a connector of peripheral immune response with the degenerating inflamed brain 

[9,59].  
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Given these premises, the first approach presented in Chapter I aimed at 

neutralizing the cytokine TNFSF10, considering its orchestrating role in key events of 

the inflammatory/immune response, with the goal of assessing the impact in advanced 

stages of AD.  

To accomplish this task, we employed 3xTg-AD mice at 12 months of age, when 

the pathology is already well-established [130,131], and they were sub-chronically 

treated with anti-TNFSF10 monoclonal antibody, which, as previously shown by 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 anti-inflammatory phenotype, as demonstrated by the reduced 

expression of the proinflammatory 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 

CD11b+LY6Chigh proinflammatory monocytes in both the brain and the spleen of 

3xTg-AD mice, paralleled by lower count of splenic PD1-expressing T cells. Such 

restraint of inflammatory/immune response correlated with dramatically reduced 

burden of amyloid in both organs and p-Tau in the brain. TNFSF10 neutralization 

effectively re-balances overshooting central and peripheral inflammation, mitigating 

AD progression even at advanced stages of the disease, highlighting its potential as a 

novel therapeutic target for intervention in AD.  

As an extension of the CNS, the retina has been historically considered an 

immune privileged site within the eye. It shares significant features with the brain in 

terms of embryological origin, anatomy, functionality, development, and immune 

response [111]. As a corollary, some of the blanket assumptions of immune privilege, 

the mechanism to preserve the integrity of vulnerable organs that require tightly 

regulated interactions with the immune system, have also been ascribed to the retina 

[132]. Several neurodegenerative disorders have manifestation in the retina, and visual 

impairments often precede conventional symptoms of such CNS diseases [114]. 

In particular, visual disturbances and retinal abnormalities are well established 

non-motor symptoms of PD, often preceding clinical diagnosis [108]. Moreover, 

recent findings reveal the spread of protein aggregates within and beyond the brain, as 

evidenced, for instance, by the presence of p-Ŭ-Syn inclusions in the retina of PD 
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patients. This suggests, along with the occurrence of infiltrated immunocytes, an 

alteration of BRB integrity [133,134].  

Based on these premises, the second part of the study presented in Chapter II 

aimed at establishing the neuropathological basis of retinal dysfunction and the role of 

Ŭ-Syn in retinal pathology of PD. 

To address this objective, we employed a well-established rat model of PD, 

induced by intranigral bilateral infusion of toxic H-Ŭ-SynOs [135]. The retina of rat 

infused with H-Ŭ-SynOs showed increased expression of p-Ŭ-Syn along with a 

significant reduction in tyrosine hydroxylase positive (TH+) dopaminergic neurons, 

thereby mirroring brain PD pathology in the SNpc. Moreover, investigating PD-

associated miRNAs in the retina, we observed heightened levels of miR-384-5p, which 

inversely correlated with the expression of its predicted molecular target, SIRT1. 

Consistent with these findings, infusion of H-Ŭ-SynOs induced a robust inflammatory 

response within the retina, as evidenced by enhanced expression of microglial and 

astrocytic markers and heightened proinflammatory cytokine signalling (TNF-Ŭ, 

TNFSF10) downstream of the TLR4/NFəB pathway. These alterations suggest that 

the retina, as an extension of the CNS, may truthfully recapitulate brain 

neuropathological processes and thus could serve as a peripheral site for early 

diagnosis and timely, more effective therapeutic intervention in PD, further reinforcing 

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

Employing human induced Pluripotent Stem Cells (hiPSCs) derived in vitro 

models of the blood-brain barrier for modelling Alzheimerôs disease  

As part of my Ph.D. program, I spent a research period abroad at the Theodor 

Kocher Institute, University of Bern (Switzerland) under the supervision of Professor 

Britta Engelhardt. During this time, I was involved in an ongoing project under the 

guidance of Irina Borovko, contributing to the development of an in vitro system of 

the blood-brain barrier (BBB) for modelling Alzheimer's disease (AD) using human 

induced Pluripotent Stem Cells (hiPSCs). Particularly, the main objective of the 

project was to develop an entirely isogenic neurovascular unit (NVU) model using 

patient-derived hiPSCs to study BBB dysfunction and to investigate the impact of 

ApoE4, the most significant genetic risk factor for sporadic AD, on BBB properties. 

This project is embedded in a ñEUROSTARSò project coordinated by the company 

Neurix SA (Geneva). Additionally, StrataStem STD supplied hiPSCs from AD 

patients and healthy individuals. 

Introduction to the Blood-Brain Barrier  

The BBB is a highly specialized structure that plays a crucial role in maintaining 

CNS homeostasis, separating the bloodstream from the CNS parenchyma [136,137]. 

To protect the delicate environment of the CNS, the BBB tightly regulates the 

exchange of molecules, metabolites, and 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 (BMECs), which are connected by tight junctions and adherens junctions. Tight 

junctions seal adjacent BMECs and consist of transmembrane proteins, such as 

Claudin-5 (Cldn-5), occludins, and junctional adhesion molecules (JAMs), which are 

anchored to the actin cytoskeleton through the scaffolding protein zonula occludens-1 

(ZO-1) [140]. Adherens junctions maintain cell-to-cell adhesion between 

neighbouring BMECs and are mainly established by the transmembrane protein 

vascular endothelial cadherin (VE-cadherin), also supported by other adhesive 
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proteins such as platelet endothelial cell adhesion molecule1 (PECAM1, also known 

as CD31) [141,142]. The development and preservation of BMECs barrier properties 

are largely maintained through multifaceted crosstalk with other CNS cell types, 

particularly pericytes and astrocytes [143]. Together with the associated extracellular 

matrix, these cells form the NVU, where their interactions are essential for maintaining 

BBB integrity. As a matter of fact, pericytes are mural cells that provide structural and 

functional support and contribute to immune responses [143]. On the other hand, 

astrocytes, in addition to their supportive role, contribute to BBB maintenance through 

the release of various signalling molecules that modulate BMECs and barrier function 

[143,144]. 

BBB integrity may be disrupted by neuroinflammatory elements of the 

unresolved immune response, released by CNS-resident glia during pathological 

conditions or by excessive and dysregulated peripheral mediators [138]. BBB 

dysfunction is increasingly recognized as a key contributor to AD and has been noted 

as an early sign, preceding the onset of dementia or neurodegeneration [145,146], 

highlighting the urgency to further understand BBBôs role in AD more thoroughly and 

its potential as a therapeutic target. In this context, genetic factors such as the isoform 

Ů4 of Apolipoprotein E (APOE4) have been linked to BBB breakdown [26].  

 

Pathophysiological role of Apolipoprotein E in A D 

Human ApoE is a 299 amino acid glycoprotein that mainly serves as a lipid 

transporter, mediating the distribution of cholesterol and phospholipids throughout the 

body [147]. It is produced in several organs: in the periphery, ApoE is primarily 

expressed by hepatocytes and macrophages in the liver, within the CNS, it is 

independently produced from peripheral ApoE by astrocytes, activated microglia, 

vascular mural cells, choroid plexus cells, and, under certain conditions, neurons 

[148,149]. Al though human data are limited, ApoE expression within the NVU has 

been attributed to astrocytes and pericytes [150,151]. 

It exerts its function by binding low-density lipoprotein (LDL), very-low-density 

lipoprotein (VLDL) and LDL related protein 1 (LRP1) receptors, which mediates Aɓ 

clearance in brain parenchyma [152,153].  
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Human ApoE exhibits three major isoforms: ApoE2, ApoE3, and ApoE4 that differ at 

two amino acid positions 112 and 158 on chromosome 19, involving the substitution 

between cysteine and arginine. ApoE3 (Cys112/Arg158) is the most common form of 

the gene, occurs in Ḑ75% of the population and is considered risk neutral [154]. ApoE2 

(Cys112/Cys158) is rare, occurring in approximately 5% of individuals [155], is 

believed to be protective against AD pathology by promoting more efficient Aɓ 

clearance [156]. ApoE4 (Arg112/Arg158) is found in nearly 13% of the population, 

yet approximately 40% of all AD patients carry at least one copy of the Ů4 allele [157]. 

Notably, carrying one copy increases disease risk up to 3-fold, while carrying two 

copies increases the risk up to 12-fold. Additionally, each copy of the Ů4 allele is 

associated with a reduction of the age of AD onset by around 7-9 years [158].  

The single amino acid substitution among the isoforms dramatically affects 

ApoE structure, thereby modulating its receptor and lipid binding properties [159,160]. 

While ApoE plays a pivotal role in synapse formation and tissue repair, maintaining 

cell membranes, the ApoE4 isoform compromises neurons and synapses structure, due 

to its impaired cholesterol transport [161]. Additionally, ApoE4 has been associated 

with earlier onset, increased overall burden and wider distribution of amyloid 

pathology [162,163] and has been shown to increase tau phosphorylation [164]. 

Moreover, ApoE4 has been demonstrated to contributes to cerebrovascular 

dysfunction and BBB breakdown, ultimately leading to cognitive deficits 

[12,165,166]. 

 

Project overview 

Although BBB dysfunction is a common pathological feature of many 

neurological disorders, its underlying mechanisms and precise role in shaping disease 

progression remains poorly understood. This is due, at least in part, to the limitations 

of both currently employed animal models and in vitro systems, that not fully 

recapitulate the complexity of human pathology, along with the restricted accessibility 

of BBB biopsies/autopsies [167,168]. In this scenario, hiPSC-derived in vitro models 

of the BBB gained significant attention as a suitable system for studying BBB 

breakdown in neurodegenerative diseases [169].  
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Building on these premises, the aim of this study is to develop a fully isogenic 

human NVU model derived from hiPSCs of healthy controls (HC) homozygous for 

APOE3 and AD patients homozygous for APOE4, providing a relevant platform to 

investigate the role of ApoE4 on BBB integrity and its contribution to AD pathogenesis 

(Figure 1A).  

Fig. 1A. Schematic overview of the generation of a fully isogenic human NVU model. hiPSCs were 

reprogrammed from PBMCs derived from HC (APOE3/APOE3 genotype) and AD patients 

(APOE4/APOE4 genotype). Consequently, hiPSCs are differentiated into the three main NVU cell 

types: BMECs, pericytes, and astrocytes. Courtesy of Irina Borovko and StrataStem LTD.  

 

The first step consisted of differentiating hiPSCs into BMECs, with functional 

barrier properties and mature tight junctions, using the extended endothelial cell 

culture method (EECM) developed by Nishihara and colleagues [170]. Initially, 

hiPSCs were differentiated into endothelial progenitor cells (EPCs). At day 5, EPCs 

were subsequently enriched via magnetic-activated cell sorting (MACS) by positive 

selection for CD31-expressing cells (Figure 2A). After the expansion of EPCs, a series 

of selective passages were performed to obtain pure cultures of EECM-BMEC-like 

cells and smooth muscle-like cells (SMLCs). Although SMLCs are a secondary 

product of the differentiation, conditioned medium (CM) derived from SMLCs is 

essential for adhesion molecule expression on BMECs. The resulting BMEC-like cells 

were subjected to a series of quality control analyses to verify the success of the 

differentiation processes.  

First, EECM-BMEC-like cells were characterized by flow cytometry. Briefly, 

cells were cultured (9×104 cells/well) on collagen IV coated 24-well plates and either 
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left untreated or stimulated with donor-matched SMLC CM or with CM plus TNF-Ŭ 

(0.1 ng/mL) and IFN-ɔ (2 IU/mL) for 16-20 h. Cells were detached with Accutase,  

 

Fig. 2A. Representative flow cytometry analysis of pre-MACS and post-MACS sorted cells at day 5 of 

EPCs differentiation. Samples were examined for the fraction of CD31+ cells using an Attune NxT 
Flow Cytometer. 
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resuspended in FACS buffer, and stained at 4ÁC for 20 min with fluorescent antibodies 

for labelling tight junctions, adherens junctions and cell adhesion molecules. Isotype 

and unstained controls were included. After washing, samples were analyzed using an 

Attune NxT Flow Cytometer.  

BMECs-derived hiPSCs showed high expression of tight junctions (Cld-5, 

occludin) and adherens junctions (VE-cdh, CD31). Upon cytokine stimulation, 

EECM-BMEC-like cells exhibited an upregulation of ICAM-1 expression, whereas 

VCAM-1 expression was unexpectedly not induced. Higher cytokine concentrations 

or stimulation with other CM batches may be required to enhance VCAM-1 

expression. As expected, ICAM-2 was constitutively expressed in these endothelial 

cells [171](Figure 3A).  

EECM-BMEC-like cells were furthermore analysed by immunofluorescence 

staining. In brief, EECM-BMEC-like cells were seeded (5×104 cells/well) onto 4:1:5 

collagen IV/fibronectin/water coated 12-well chamber slides. Cells were unstimulated 

or stimulated with donor-matched CM from SMLCs with or without TNF-Ŭ (0.1 

ng/mL) and IFN-ɔ (2 IU/mL) for 16-20h. Live-cell staining 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 fixed in ice-cold methanol (-

20°C, 20 s). Cells were blocked, incubated with primary antibodies for 1-2 h at RT, 

washed, and stained with fluorescent secondary antibodies and DAPI. Slides were 

mounted and imaged using a Nikon Eclipse Ni-U microscope. 

Upon stimulation, ICAM-1 was expressed in a strong and continuous pattern, 

with no detectable gaps in the endothelial monolayer, whereas VCAM-1 expression 

was absent. VE-cadherin staining revealed a robust and uninterrupted junctional 

pattern, with uniform monolayer, consistent with intact barrier morphology (Figure 

4A). 
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Fig. 3A. Representative flow cytometry analysis of EECM-BMEC-like cells for tight junction, cell 

adhesion molecules and adherens junctions. Isotype and unstained controls were included for 

comparison. Cells were grown on 24-well plate and were untreated or stimulated with donor-

matched SMLCs CM or with CM plus TNF-Ŭ (0.1 ng/mL) and IFN-ɔ (2 IU/mL). Protein levels are 

expressed as change in geometric mean fluorescence intensity (ȹMFI = MFI of specific staining -

MFI of isotype control). stim : cytokine stimulation, iso : isotype. 
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Fig. 4A. Representative immunofluorescent images of EECM-BMEC-like cells for tight junction 

and cell adhesion molecules. Cells were untreated or stimulated with donor-matched SMLCs CM or 

with CM plus TNF-Ŭ (0.1 ng/mL) and IFN-ɔ (2 IU/mL). NS : non stimulated. Scale bar = 100 Õm. 

 

In addition, as part of EECM-BMEC-like cells quality control analyses, we 

performed functional assays for small molecule permeability. Briefly, EECM-BMEC-

like cells were seeded (1.12×105 cells/filter) on collagen IV/fibronectin/water-coated 

Transwell filters (PC, 0.4 ɛm, 12 mm) and cultured for 6 days, changing medium every 

second day. On day 6, 10 ɛM sodium fluorescein (NaFl) was added to the upper 

chamber, and media from the lower chamber was collected at 15, 30, 45, and 60 min. 

Fluorescence was measured (Ex 485 nm/Em 530 nm) with a Tecan Infinite M1000 

multi-well reader and corrected for background. Permeability coefficient (Pe) was 

calculated as previously described [170,172] (Figure 5A, a).  

Before proceeding with fixation and staining, we measured transendothelial 

electrical resistance (TEER) on the same Transwell filters used for the permeability 

assay. TEER was measured using a Volt Ohm Meter (Millicell ERS 2). To obtain the 

net resistance (ɋ×cm2) of the cell monolayers, TEER value of an empty insert was 

subtracted from each reading and the TEER values were multiplied by the surface area 

of the filters (1.12 cm2) as follows: TEER (ɋĬcm2) = [cell monolayer resistance (ɋ) 

ī empty Transwell filter resistance (ɋ)] × surface area (cm2) (Figure 5A, b).  

After the permeability assay and TEER measurement, Transwell filters were 

fixed with -20°C ice-cold methanol and cut. Filters were blocked and stained for 
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junctional molecules to evaluate monolayer confluency, mounted and imaged using a 

Zeiss AxioObserver microscope (Figure 5A, c). 

Fig. 5A (a) Permeability of NaFl in EECM BMEC like cells monolayers. Cells were cultured to 

confluency on 0.4 ɛm pore size Transwell filters for 6 days and permeability was measured at day 6 

after seeding. Data are expressed as grand mean, combining data from three independent differentiations 

each performed in triplicate. (b) TEER at day 6 of EECM-BMEC-like cell monolayers. Data are 

expressed as grand mean, combining data from three independent differentiations each performed in 

triplicate. (c) Representative immunofluorescence staining for tight junction of EECM-BMEC-like cells 

grown on 0.4 ɛm pore Transwell filters for 6 days. Staining was performed after permeability assays.  

 

Within the NVU, pericytes regulate vascular stability and influence BMECs 

molecular phenotypes [173,174]. To further refine the hiPSCs-derived in vitro BBB 

model, hiPSCs were differentiated into brain pericyte-like cells (BPLCs). Specifically, 

hiPSCs were differentiated into BPLCs with functional characteristic of brain 

pericytes, via neural crest (NC) cells intermediate, employing the method developed 

by Gastfriend and colleagues [175]. Initially, hiPSCs were differentiated into p75-
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NGFR+HNK-1+ neural crest intermediate, mimicking the developmental origin of 

forebrain pericytes, over a 15-day period. At day 15, p75-NGFR+ neural crest cells 

were isolated via MACS. Subsequently, p75-NGFR+ neural crest cells were cultured 

for 6-9 days, yielding NG2  PDGFRɓ  BPLCs.  

The resulting neural crest cells and BPLCs were subjected to flow cytometry 

analyses to verify the quality of the differentiation processes. Briefly, neural crest 

cells-derived hiPSCs were seeded (Ḑ1Ĭ105 cells/wells) on 96 well round-bottom plate, 

washed in FACS buffer and incubated with primary antibodies against p75-NGFR and 

HNK-1 for 30 min at 4°C. After incubation with secondary antibodies, cells were 

washed and analysed using an Attune NxT Flow Cytometer. Isotype and unstained 

controls were included (not shown) (Figure 6A). 

Fig 6A. (a) Representative gating strategy. (b) Flow cytometry plots showing p75-NGFR and HNK-1 

expression in hiPSCs-derived neural crest cells after MACS (day 15).  
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At day 22 of the differentiation protocol, BPLCs-derived hiPSCs were dissociated with 

Accutase and passed through a 40 ɛm cell strainer. Cells were seeded (Ḑ1Ĭ105 

cells/wells) on 96 well round-bottom plate, and stained with primary antibodies against 

NG2 or PDGFRɓ or corresponding isotype controls for 30 min at 4°C or left unstained. 

After incubation with secondary antibodies, cells were washed and analysed using an 

Attune NxT Flow Cytometer (Figure 7A). 

Fig. 7A. (a) Representative gating strategy. (b) Flow cytometry plots showing NG2 and PDGFRɓ 

expression in hiPSC-derived BPLCs for each donor at day 22 of the differentiation process.  

 

 

 

 

 


