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Abstract

Aging is the biggest risk factor for Parkinson’s disease (PD) and a particular vulnerability of dopaminergic neurons
in the substantia nigra to aging-associated effects has been firmly established. More recent work has revealed an
important role of non-neuronal systems such as the blood-brain barrier (BBB) or the immune system in the
pathogenesis of PD. Effects of aging on the immune system include a chronic inflammatory state termed
inflammaging and immunosenescence. Both processes are connected to a higher pro-inflammatory potency and
negatively affect the maintenance of self-tolerance. The BBB gets increasingly dysfunctional with advancing age
and its endothelial cells display a more pro-inflammatory phenotype while the transport of important plasma
proteins to the brain is impaired. The immune system and the BBB are heavily interdependent and are both
essential for the homeostasis of especially vulnerable dopaminergic neurons. The degeneration of dopaminergic
neurons can, in turn, influence the BBB or the immune system, potentially creating a vicious cycle. In this review, we
aim to develop a multisystem perspective on aging and PD by incorporating the aging immune system and aging
BBB into the pathophysiological processes. Given the current evidence, it seems likely that a combination of
multimodal effects of aging on the levels of SN pars compacta (SNc¢) dopaminergic neurons, the immune system,
and the BBB increase the risk of developing PD.
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INTRODUCTION

Aging has been shown to be the greatest risk factor for developing idiopathic Parkinson’s disease (PD). The
connection between age and PD is best highlighted by the steady increases in disease prevalence among
higher age groups, rising from 0.3% for people aged 55 to 64 years to 4.3% for those between 85 and 94
years'. This clear relationship between age and prevalence, which was initially established in the Rotterdam
Study in the Netherlands, has since been confirmed in multiple cohorts in different countries'”. Against the
background of a rising life expectancy in the general population®, understanding the implications of this
relationship becomes more important and could help identify new molecular targets and develop new
therapeutic interventions. In this review, we will elucidate common mechanisms and points of connection
between aging and neurodegeneration in PD while trying to establish a framework for further investigation.

In light of recent work in the field, we will focus on the role of dopaminergic neurons, the immune system,
and the blood-brain barrier (BBB), which are all implicated in the pathogenesis of PD and undergo
profound changes during the process of aging.

Figure 1 gives an overview and a summary of the concepts discussed in this review.

DOPAMINERGIC NEURONS, TIRELESS WORKERS VULNERABLE TO AGE?

The SN pars compacta (SNc) contains dopaminergic neurons or subsets of those neurons that seem to be
especially susceptible to the effects of aging. Postmortem studies have found a reduced density of neurons in
the SNc in presumably healthy-aged individuals and estimated the rate of neurodegeneration to be 5%-10%
per decade™”. This pronounced neuronal loss is in contrast to other brain regions such as the neocortex or
the hippocampus which show much smaller reductions in healthy aging®. Several original articles and
review articles have tried to shed light on the selective vulnerability of dopaminergic neurons in the SNc¢ in
healthy aging"* .

The main hypotheses are connected to the structure and/or the function of these neurons and have been
recently reviewed extensively by others". Structurally, the sheer size of the axonal arbor and the estimated
number of 1-2 million transmitter release sites for a single neuron"”’ might lead to a high bioenergetic
demand"? that induces mitochondrial oxidative stress and downstream neuronal dysfunction!”.
Functionally, the slow and tonic activity of dopaminergic SN¢ neurons in the absence of any stimulation is
accompanied by strong changes in intracellular calcium concentrations. In combination with the low
intracellular calcium buffering capacity of SNc dopaminergic neurons, this leads to periodically high free
calcium concentrations, which in turn increase mitochondrial oxidative phosphorylation in a feedforward
loop and cause oxidative stress'”'. The second hypothesis associated with function is connected to the
neurotransmitter dopamine: metabolized and oxidized dopamine has been shown to damage different
cellular components"”'® and the successive buildup of neuromelanin has been linked to neurodegeneration
and cellular dysfunction"”. Based on these particular traits, SNc dopaminergic neurons have been described
as “at the edge” of their energetic, proteolytic, and autophagic capacity, leaving little room to adapt to age-
induced deteriorations while simultaneously requiring a higher turnover of damaged organelles and
proteins compared to other neurons™".

From this, it is readily conceivable that the general hallmarks of cellular aging™ but especially
mitochondrial dysfunction, oxidative damage, impaired molecular waste disposal, impaired DNA repair,
and dysregulated calcium homeostasis (for a recent review, see also”) have stronger effects in SN¢
dopaminergic neurons. This hypothesis is supported by genetic mutations known to cause early-onset
forms of PD or increase the risk of developing PD later in life, from which the great majority is connected to
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Figure 1. Aging in combination with the particular vulnerability of the dopaminergic system contributes to the pathogenesis of PD.
Dopaminergic neurons in the substantia nigra are particularly vulnerable to aging-related alterations in cell metabolism. The sheer size
of their axonal arbor in comparison to the soma, and their tonic activity with high cytosolic calcium fluctuation demand high levels of
energy for maintenance. Aging-associated mitochondrial insufficiency, impaired protein turnover, and aggregation of proteins lead to
additional cell stress via ROS and the accumulation of toxic dopamine metabolites pushing dopamine neurons over the brink of their
fragile homeostatic equilibrium. The degeneration of dopaminergic neurons in turn will result in the activation of residing immune cells
(microglia), which themselves, with age, tend to present a more pro-inflammatory phenotype, which can perpetuate a hostile
environment for neurons. On the other hand, aging itself leads to increased inflammatory microglial phenotype with reduced phagocytic
capacity, which attracts peripheral lymphocytes, thereby maintaining an inflammatory environment. With age, parenchymal microglia
are also increasingly replaced by peripherally recruited myeloid macrophages, which also tend to have a more pro-inflammatory
phenotype. The same is true for the second important tissue-resident macrophage population of the brain, BAMs in the perivascular and
meningeal space. Vessel-associated microglia and BAMs, in addition to their immunological role, are essential for the integrity of the
BBB and control of its permeability through direct actions as well as by influencing vascular tone. The BBB itself is influenced by aging
and is likely to be involved in PD pathogenesis. Aging-related changes of the BBB include a loss of pericyte and endothelial tight
junctions, increasing the leakiness of peripheral cytokines and toxins. In addition, BECs upregulate VCAM1, which promotes the binding
of circulating immune cells, inducing local inflammation. Furthermore, BECs lose their capacity for selective receptor-mediated transport
of plasma proteins with age, which could negatively influence the microenvironment of dopaminergic neurons. The aging of the immune
system itself is likely caused by the involution of the thymus with a reduction of naive immune cells and an expansion of polyclonal
antigen-experienced T cells triggered by recurrent life-long exposure to common pathogens (e.g., CMV). These senescent immune cells
display a common senescent phenotype with enhanced secretion of pro-inflammatory cytokines sustaining a chronic low-grade
inflammation (inflammaging). With age, the homeostatic T cell proliferation as a statistical process might as well lead to the selection of
T cells with increased affinity to self- or neoantigens (as proposed in PD pathogenesis), facilitating autoimmune responses. Furthermore,
regulatory inflammation-limiting and autotolerance-promoting populations of Tregs are diminished in relation to effector T cells. This
figure represents a schematic overview and more detailed explanations and references can be found in the main body of the article.
Created with BioRender.com. PD: Parkinson's disease; ROS: reactive oxygen species; BAMs: border-associated macrophages; BBB:
blood-brain barrier; BEC: brain endothelial cell; VCAMT1: vascular cell adhesion molecule 1; CMV: cytomegalovirus; a-syn: o synuclein;
CNS: central nervous system; IL-6: interleukin 6; INF-y: interferon y; TNF-a: tumor necrosis factor a; TEMRA: T effector memory cells re-
expressing CD45RA; Tregs: regulatory T cells.

mitochondria or molecular waste disposal. PTEN-induced kinase 1 (PINK1), Parkinsonism-associated
deglycase (PARK?), parkin RBR E3 ubiquitin protein ligase (PRKN), F-box only protein 7 (FBXO7),
polymerase gamma (POLG), vacuolar protein sorting 13 homolog C (VPS13C), and HtrA serine peptidase 2
(HTRA2) are implicated in mitochondrial function, while ATPase cation transporting 13A2 (ATP13A2),
glucosylceramidase beta (GBA), and leucine-rich repeat kinase 2 (LRRK2) are thought to play a role in both
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lysosomal and mitochondrial functioning®”. Additionally, PTEN-induced kinase 1 (PINK1), parkin RBR E3
ubiquitin protein ligase (PRKN), endophilin A1 (EndoA1), and « synuclein (a-syn) pertain to autophagy as
well®!. Other mutations are indicated in synaptic vesicle formation, synaptic vesicle trafficking, and
endosomal trafficking*”, all of which are most likely under high stress in the energy-demanding and highly
branched dopaminergic axonal arbor. Furthermore, effective vesicle trafficking has been linked to
mitochondrial quality control®. As the most common genetic risk factor for PD, GBA mutations have been
extensively studied and highlight the complexity of the interactions between mitochondrial functioning and
lysosomal autophagic pathways”. GBA encodes the lysosomal enzyme B-glucocerebrosidase (GCase),
which converts glucosylceramide to ceramide and glucose. Certain mutations in this enzyme cause
dysfunctions in the lysosomal autophagic pathway, but they have also been linked to mitochondrial defects
and impaired mitochondrial function, most likely due to impaired mitophagy"®. In a recent study, Baden
et al. used a global proteomic approach to investigate proteins that interact with GCase and could show that
the enzyme is transported into the mitochondria and plays an important role in the maintenance of
mitochondrial complex 17,

Recent preclinical work by Gonzalez-Rodriguez et al. has, for the first time, demonstrated that the loss of
function in mitochondrial complex I is sufficient to cause a levodopa-responsive form of Parkinsonism in a
mouse model®. The authors selectively deleted the Ndufs2 (the gene coding for the catalytic subunit of
mitochondrial complex I) in dopaminergic neurons and could show that an early loss of the dopaminergic
phenotype in nigrostriatal axons that was accompanied by deficits in fine motor skills and motor learning.
These results emphasize the importance of mitochondrial function and energy homeostasis in the
pathophysiology of PD. The pivotal role of mitochondria in PD is further underpinned by preclinical
findings that show improvements in PD following interventions that aim to improve mitochondrial
function™, biogenesis"”, or mitophagy""! (for two recent and extensive reviews, see"). Especially striking
in this context is the fact that stereotaxic, but also intravenous and intranasal transfer of allogenic
mitochondria was associated with improvement in locomotor function and less degeneration of
dopaminergic neurons in rodent models of PD"**. Other non-pharmacological interventions like
intermittent fasting and exercise that show promise in the treatment of PD have similarly been linked to
enhanced mitochondrial biogenesis and the regulation of mitochondrial function”*.

The second hypothesis related to function is connected to the production and the successive processing of
the neurotransmitter dopamine. Although the toxicity of dopamine has been put into question by the LEAP
study'’ and the sub-Saharan Africa study*” (i.e., long-term substitution of levodopa does not cause
accelerated symptom progression), recent advances in creating neuromelanin accumulating animal models
have put further emphasis on the pathophysiological role of neuromelanin in PD"”. Neuromelanin is a dark
pigment found only in a subset of catecholaminergic neurons such as the dopaminergic neurons of the SNc¢
or the noradrenergic neurons of the locus coeruleus. It accumulates with advancing age and neurons seem
to be unable to eliminate the pigment from the cell body"*”. As neuromelanin is most likely formed from
dopamine or dopamine precursors through either oxidation or enzymatic catalysis with an unidentified
tyrosinase, it is directly connected to dopaminergic function”. It has been shown that the overexpression of
human tyrosinase in dopaminergic neurons leads to age-dependent neuromelanin accumulation,
nigrostriatal degeneration, and a PD-like phenotype in rats, which could be alleviated by enhancing
lysosomal proteostasis'*”. A more recent study in the same animal model found that the overexpression of
vesicular monoamine transporter 2 (VMAT2) could prevent the buildup of neuromelanin by enhanced
dopamine vesicular encapsulation resulting in the long-term preservation of motor function and neuronal
integrity in the SNc*. Since the accumulation of neuromelanin is inherently linked to aging"”, it could
present a second mechanism that connects aging and PD.
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It is not fully clear how the stated factors influence each other, and a combination in the form of multiple
hits has been proposed to cause excessive neuronal loss in PD"”. The mechanisms elucidated so far,
however, do not take into account the role of a-syn aggregation and Lewy pathology, which is thought to
play a critical role in PD pathology backed up by genetical, preclinical, clinical and postmortem studies'***?.
The link between these theories could be generated by selective age-induced vulnerability to the spread of a
form of misfolded a-syn in SNc¢ dopaminergic neurons. Since a hypothesized “external” triggering of a-syn
misfolding, i.e., by a viral infection or toxins, as well as an “internal” triggering of a-syn misfolding, i.e., by
oxidization or aberrant modification, are both statistical processes, they both become more likely with
advanced age. Furthermore, the immunogenic potential of accumulated and misfolded a-syn"*** could
create a chronic inflammatory state fueled by a positive feedback loop between neuronal death and immune
cell stimulation. The role of the immune system in aging, neurodegeneration, and PD will be discussed in
the following section.

THE AGING IMMUNE SYSTEM, A PERPETRATOR OF NEURODEGENERATION AND PD?

Over the last few years, the role of the immune system in the context of neurodegenerative diseases and
their importance for the pathogenesis and maintenance of neurodegenerative processes have become a
focus of research. In particular, the role of age-related changes in the functionality of the immune system,
including maintained self-tolerance and anti-inflammatory potency, is debated to play a role®>*. Despite
substantial research efforts, the majority of the immunological pathways linked to neurodegenerative
diseases, such as PD or AD, are still poorly understood. While initially, research has focused on the role of
the innate immune system, more recent studies investigated the role of peripheral immune cells and their
ability to infiltrate the brain parenchyma. Age-related phenomena that hint towards a gradually failing
immune system include a weakened response to novel antigens (e.g., influenza)"”, enhanced infection
susceptibility®, reduced effectiveness of vaccines®™, and age-related autoimmunity®™. Today’s
understanding of PD includes a multifactorial genesis involving a complex interplay of various factors,
including genetic predisposition, age, immunological responses to bacterial and viral infection, and toxin

[60]

exposure'™”.

[59

Immunosenescence and inflammaging constitute halimarks of the aging immune system
Central terms in age-associated immune system alterations include “immunosenescence” and

»[60,61]

<« .
inflammaging

Immunosenescence describes the depletion of the immune repertoire mainly by a decline in the naive T cell
pool with a concomitant accumulation of highly oligoclonal memory immune cells, especially terminally
differentiated effector memory cells re-expressing CD45RA (TEMRA)“”. These senescent T cells are
antigen-experienced, providing “antigenic memory”, but have a diminished capacity to proliferate
(“replicative senescence”), and display a pro-inflammatory phenotype®?. This shared senescence-
associated secretory phenotype (SASP) is characterized by the production of pro-inflammatory cytokines,
growth modulators, and chemotactic proteins, especially interleukin-6 (IL-6)"". Although these cytokines
are also present during acute inflammation as a physiological response to tissue damage or pathogens'*”,
SASP-induced inflammation is long-lasting and therefore tissue-damaging'*”. This chronic low-grade
inflammation that occurs with aging and senescence has been termed inflammaging.

Repeated lifelong exposure to novel antigens and the consequent specialization of T cells, coupled with

56,69]

gradual atrophy of the thymus with advancing age®, is assumed to be the cause of the growing TEMRA
population in older individuals. In addition, the infection with persistent viruses [specifically,

cytomegalovirus (CMV)] has been implicated as a major driver of the accumulation of senescent T
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lymphocytes as these were significantly increased in the CMV-seropositive elderly population™ 7.

The constantly shrinking number of naive T cells capable of responding to novel antigens includes a loss of
naive-like regulatory T cells (Tregs) that are able to limit inflammation and maintain self-tolerance.

Evidence for the immunological involvement in PD pathogenesis

The analysis of postmortem human PD brains provided the first evidence for the involvement of T cells by
discovering CDg8 and CD4 T cells, either neighboring blood vessels or adjacent to dopaminergic neurons".
Using a-syn overexpressing murine models, early CD4 and CDs8 T cell infiltration could be demonstrated as
a pathognomonic mechanism while T cells also amplified the amount of a-syn aggregates by triggering a
pro-inflammatory phenotype in central nervous system (CNS) myeloid cells”””. The primarily CD4-
mediated dopaminergic toxicity was also validated in a neurotoxin-based mouse model™, as well as
through in vitro data”. Additionally, again in an a-syn overexpression model, the knockout of the T cell
receptor, as well as CD4, reduced the major histocompatibility complex (MHC) II-mediated myeloid cell
response to a-syn, preventing neuronal loss, while the deletion of CD8 did not"””.

A neuropathological study that assessed T cell infiltration in the SN throughout different PD stages (defined
by the anatomical distribution of a-syn aggregates)™ found that CD8 T cell infiltration was most
pronounced in the earliest stage of PD when no protein aggregates or dopaminergic neuron loss were
present yet. This suggests that CD8-mediated attacks may initiate neuronal death and a-syn aggregation and
may abate with the progression of neurodegeneration™.

In 2017, Sulzer et al. found that peripheral T cells from PD patients’ blood were specific for a-syn derived
epitopes (Y39, S129)"*Y. Interestingly, a follow-up study reported that this a-syn-specific T cell activation
was also most pronounced in early-stage PD fading with progressing neurodegeneration®’. It is likely that
the T cell involvement described above is also reflected in the alterations of peripheral T cell populations
through crosstalk of central and peripheral compartments, whereby a disrupted BBB (see below) may
contribute.

Limited research has been dedicated to examining age-related alterations in the adaptive immune system in
the specific context of PD. However, a recent comprehensive review has addressed this subject, prompting
only a brief discussion of the major findings"®”. As mentioned above, aging affects CD4 T cells later and less
than CD8 T cells'™. While there is some opposing evidence considering immunosenescence in PD, the
majority of studies investigating lymphocyte populations suggested that naive CD8T cells were significantly
decreased in the peripheral blood of PD patients, whereas pro-inflammatory CD8T cells were
increased®*?. However, another study found a reduction in CD8 TEMRA cells and a lower expression of
the cell-aging marker p16, suggesting less senescent CD8 T cells in PD". It is of note, however, that no
association between T cell senescence and measures of disease progression has been observed (e.g., severity
of motor or cognitive symptoms), but reduced TEMRA counts have been observed across all disease stages
including newly diagnosed cases™*. This suggests that immunosenescence might play a role in disease
pathogenesis rather than in progression. As mentioned above, chronic viral infections (mainly CMV) have
been identified as the main drivers for CD8 T cell senescence. Interestingly, specifically in CMV seropositive
PD patients, the TEMRA phenotype appeared to be attenuated, suggesting intrinsic differences in the T cell
response to chronic infections in PD vs. controls™®.

Considering compositional shifts in lymphocyte subpopulations, again, conflicting results have been
reported. A meta-analysis including almost 1,000 PD patients and age-matched controls each found a
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significant reduction in the CD4:CD8 T cell ratio™’, while a study with a total of 1,500 paticipants including
PD patients with age- and gender-matched healthy controls found the opposite®™. Analyzing CD4
phenotypes in-depth, Chen et al. observed an increased proportion of circulating pro-inflammatory IFN-y-
releasing Th1 and Th17 cells and a decreased number of anti-inflammatory regulatory T cells in the
peripheral blood of PD patients”". The detrimental role of pro-inflammatory Th1/Th17 cells was further
shown in a neurotoxin-based (MPTP) model of PD where naive CD4T cells exposed to nitrated a-syn
developed Th1/Th17 phenotype, which in turn led to an exacerbated MPTP-induced dopaminergic cell
death™.

On the other hand, immune mechanisms responsible for governing and modulating chronic inflammation
appear to be compromised PD. Specifically, PD patients exhibit a significant reduction in Tregs"”. A
potential role of Treg insufficiency in disease development and progression is further implicated by
mitigating neurodegenerative processes and clinical deterioration by restoring the quantity and
functionality of Tregs. This has been shown preclinically”®* and has been tested for safety and response in
immune biomarkers in patients with PD"* using the granulocyte-macrophage colony-stimulating factor
(GM-CSF) sargramostim, which is known to shift pro-inflammatory effector T cells (Teff) to Tregs" "\,

The T cell response might also be affected by changes in antigen-presenting cells, which play a critical role
in T cell priming. In the brain, microglia serve as the tissue-resident immune cells that constantly survey the
environment”. Evidence of microglial activation in PD stems from neuropathological studies of the SN of
postmortem brains*>'*, positron emission tomography (PET) studies in PD patients at different disease
stages"* '), and preclinical data using toxin-based as well as a-syn overexpressing mouse models of
PD# o+l Tn addition, a specific isotype of the human leukocyte antigen gene (HLA-DR) has been
identified by a genome-wide association study (GWAS) as a genetic risk factor for late-onset PD""**. HLA is
part of the antigen-presenting machinery used to activate T cells and is specifically expressed in microglia
within the brain""”. Furthermore, it was shown that the deliberate induction of microgliosis by stereotactic
injection of the bacterial toxin lipopolysaccharide (LPS) into the mouse brain detrimentally affects

dopaminergic neurons in the substantia nigra, contributing to their degeneration"**'*".

With age, microglia also undergo senescence. Morphologically, they display increased fragmentation and
gnarling in their processes, and functionally, they exhibit reduced phagocytic and migratory capabilities" .
Both activated and senescent microglia produce inflammatory cytokines and may primarily arise from
inflammatory insults""*""?. In PD, microglial activation is thought to be a significant part of the disease
process integrated either as a cause or consequence">"'*. While microglial phagocytosis of extracellular
misfolded a-syn can lead to its degradation and clearance'”, microglia can also release a-syn through
exosomes, promoting its spread"'” - indicating a complex role in both clearing and transferring a-syn
pathology. A recent study investigated the impact of aging and glial senescence on a-syn clearance, revealing
that aged mice and microglia exhibit compromised clearance capacity, primarily linked to dysfunction in
the autophagy-lysosome system, shedding more light on the role of senescent glia in PD pathogenesis"'”.
Taken together, these observations indicate a pivotal role for microglia in PD disease progression and raise

interest in studying their functional roles during PD pathology.

For a relatively long time, microglia have been understood to be the main players in the innate immune
system of the CNS, and only recently has a second category of macrophages come to the attention of
researchers. The so-called border-associated macrophages (BAMs) are not located in the brain parenchyma
but in the adjacent spaces between the meninges, the choroid plexus, and perivascular spaces. Microglia and
BAMs share common progenitors but differ in morphology and function"'®. With their unique localization
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between the brain parenchyma and peripheral tissues, BAMs have a specific importance in the defense
against pathogens. In addition, their proximity to the vascular space allows them to regulate the
permeability of circulating cells and mediators by influencing vascular contractility and BBB permeability
(see below).

A recent study by Schonhoff et al. found that BAMs, in contrast to parenchymal microglia, are essential for
CD4-mediated inflammation and consequent dopaminergic degeneration in an a-syn overexpressing model
of PD"". Furthermore, in the neuropathological analysis of postmortem brains, significantly higher
numbers of CD3-positive lymphocytes were found in the midbrain area in the immediate vicinity of BAMs
in PD patients in comparison to healthy controls""”, which in turn suggests the maintenance of
inflammation through crosstalk with the peripheral circulating immune cells. This observation supports a
Parkinsonian immune-mediated pathogenesis, but a specific age-mediated change in the functionality of
BAMs should be further investigated.

Interestingly, although initially of the same embryonic origin (yolk sac)"*”, with age, dying macrophages
can be derived from monocytes recruited from the periphery which are derived from hematopoietic stem
cells"*". This dual origin and composition of brain macrophages is virtually absent in the young brain and
the proportion of monocyte-derived macrophages increases with age. These are further characterized by an
increased pro-inflammatory profile and circulating monocytes themselves display altered immune
phenotypes with age'**”.

Inflammaging

When cells are damaged, they release different kinds of danger signals to the extracellular space, which
promote inflammatory responses by binding to specific pattern-recognition receptors. Danger molecules
are broadly categorized into non-self and self, also termed pathogen-associated molecular patterns (PAMPs)
or damage-associated molecular patterns (DAMPs), respectively. A third category of so-called quasi-self
molecules includes products from gut microbiota. This large variety of stimuli converges on the same
evolutionarily preserved receptors to trigger inflammatory responses"*” Age-related accumulation of such
events causes a gradual rise in the basal level of inflammation that may last for decades, eventually resulting
in inflammaging.

In PD, a large body of work has demonstrated higher levels of peripheral pro-inflammatory mediators. A
recent meta-analysis (encompassing 25 studies with a total of 1,547 PD patients and 1,107 controls) revealed
significantly elevated concentrations of CRP, tumor necrosis factor « (TNF-a), IL-1p, IL-6, CRP, IL-10, and
IL-2 in the serum of PD patients versus controls*. A moderate but significant increase in TNF-o, IL-1B,
IL-10, and IL-2 compared to age-matched controls has also been identified in the earlier stages of PD.
Furthermore, higher levels of CRP, IL-6, IFNy, TNF-q, IL-2, and IL-10, and lower levels of the anti-
inflammatory cytokines IL-4 and IL-13, predicted a more rapid decline in motor function as well as
persistently lower cognitive scores in a 3-year follow-up period"*.

Demented patients with PD show elevated cytokine levels (CRP, IL-6, IL-8) in their CSF compared to
cognitively unaffected individuals, and higher levels of CRP have been associated with cognitive
impairment, depression, and fatigue'**..

Currently, it is not fully understood if the mentioned phenomena are caused by a dysregulation of the
immune system due to aging or by disease-related processes. It has recently become known that a-syn
aggregates are detectable in the peripheral blood of patients with PD and can activate Toll-like receptors,
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thereby causing an inflammatory response” and the induction of a-syn-specific T cells"*"'**

" A recent study
further investigated antigen-specific T cell responses directed towards commonly encountered human
pathogens and vaccines (viral and bacterial, e.g., influenza, rhinovirus, tetanus) in patients with PD and age-
matched healthy controls"*. It was found that PD patients and healthy controls showed similar T cell
activation levels and levels of cytokines produced upon presentation of these common pathogen-derived
antigens. These results, for the first time, suggest that T cell dysfunction and enhanced inflammatory T cell
responses in PD may be more directed towards autoantigens like a-syn rather than common foreign
antigens. However, the development of this kind of autoimmune response, in turn, may be facilitated by the
aging immune system with the above-mentioned processes (depletion of naive T cell populations and shift
from auto-tolerogenic Tregs towards pro-inflammatory Teffs).

Because of the increased production of pro-inflammatory cytokines, the theory that anti-inflammatory
treatments will be beneficial for diseases of aging has arisen. Epidemiologic studies found that people with
regular use of non-aspirin non-steroidal anti-inflammatory drugs (NSAIDs, e.g., ibuprofen) had a
significantly lower risk of developing PD relative to non-regular users"*. Preclinical research further
supported the protective role of NSAIDs in PD, showing that ibuprofen protected dopaminergic neurons
against toxicity in vitro and against MPTP-induced neurotoxicity in rodents"*".

While it is acknowledged that the aforementioned processes exhibit sex-dependent differences, the focus of
this review on aging precludes a detailed discussion of this aspect. For a comprehensive understanding of
sex differences in aging, it is recommended to refer to recently published insightful reviews. The first review
provides an overview of sex differences in aging, encompassing various physiological aspects"*”. For a more
specific exploration of sex differences in neurodegenerative diseases, particularly PD, the review by Gillies

et al. offers an in-depth analysis of relevant literature and findings"*".

THE BLOOD-BRAIN BARRIER, (MORE THAN) A WATCHMAN BLINDED BY AGE?

The term BBB describes the interface between the circulating blood and the extracellular fluid of the CNS.
Classically, it is understood to comprise brain endothelial cells (BECs), pericytes, astrocytic endfeet, and
extracellular matrix that tightly regulate the exchange of proteins, metabolites, ions, and cells. However,
more recent work has shown that microglial cells play a crucial role in BBB function in health and disease'**
and that BAMs could contribute to the barrier as well"*”. In PD, BBB dysfunction was found in humans as
well as in different animal models"****. Since the BBB is known to control the exchange of biological
substances and to limit immune cell migration from the periphery, it is commonly regarded as essential for
maintaining the homeostasis of the microenvironment in the brain"*'*'. It is currently not fully clear
whether BBB dysfunction is an early event in PD pathophysiology or happens further downstream in the
disease progression. Murine studies found that BBB disruption can be initiated by the common neurotoxins
6-OHDA and MPTP as well as overexpression of a-syn****'**|. However, it is also conceivable that BBB
dysfunction is an earlier process in the pathophysiological cascade in PD as BBB disruption through
stereotactic VEGF injection selectively damaged dopaminergic neurons but not GABAergic neurons””.

Clinical studies found an association between cognitive dysfunction and gait impairments with vascular
comorbidity in people with PD"*'*I, possibly associated with BBB dysfunction. Regardless of the timing of
BBB dysfunction in PD, it has been shown that aging increases BBB leakage of contrast agents"**'”, changes
its transporter profiles**!, alters the extracellular matrix composition"*>'**), and is associated with the loss
of pericytes"**'*” (as recently reviewed extensively elsewhere!*").

There is only sparse data on the precise effects of aging on the cell types that make up the BBB. Except for
the aging-associated loss of pericytes, Nikolakopoulou et al. demonstrated in an inducible knockout model
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that pericyte loss results in neurodegeneration (within days) and behavioral deficits (within two weeks) in
mice""””. In the context of astrocytes, aging has been found to increase the number of reactive astrocytes that
express genes associated with neuroinflammation and enhance oxidative metabolism in astrocytes**"*’.
Furthermore, reactive astrocytosis has been shown to impair Sonic hedgehog signaling, which is an
important regulator of BBB integrity"*”. However, the impact of age-associated changes on astrocytic
endfeet in the context of the BBB has not been studied. Recent studies have additionally investigated the role
of aging BECs more closely and found that they display elevated markers for inflammation and stress
response . In an elegant study, Yousef et al. could show that the plasma of aged mice activated
microglial cells via vascular cell adhesion molecule 1 (VCAM1) in BECs of young mice"*. The authors
found no leukocyte recruitment to the brain and concluded that leukocytes tether to VCAM1 without
crossing the barrier and sustain an inflammatory reaction by secreting pro-inflammatory factors in the
immediate vicinity of BECs. This inflammatory reaction is then relayed to the brain microenvironment and
microglia via BECs. It is important to note that the mouse model used did not have T, B, or NK cells. Other
studies using models that were not depleted for T and B cells, on the other hand, were able to show
increased immune cell infiltration to the brain (T cells) or meninges (B cells) in aging mice"**'* but not in
humans"*. Apart from the pro-inflammatory phenotype, BECs also have a significantly diminished ability
to transport plasma proteins to the brain as they age"””. This surprising finding, which is in contrast to
tracer studies, was demonstrated by Yang et al. with a new labeling approach for the plasma proteome. In
the same study, the loss in protein transport was linked to an age-associated shift from receptor-mediated
transcytosis to caveolar transcytosis as a less specific mechanism"*”. These perspectives challenge the
classical view of the aging BBB as a passive structure and put emphasis on aging-associated alterations in
active transport functions. Against the background of the selective vulnerability of SNc¢ dopaminergic
neurons, these changes could play a role in aging-associated degeneration by changing the local
microenvironment and disrupting homeostasis. Interestingly, this could be a bidirectional relationship since
oxidative stress can in turn cause dysfunction of the BBB and influence astrocytes, pericytes, and BECs"**..

In recent years, it has been shown that microglial cells contribute to BBB repair as well as integrity and can
influence vascular tone"*"”"). Interestingly, microglia can promote BBB integrity via Claudin-5 expression
following acute inflammatory events but have also been shown to cause BBB leakage through phagocytosis
of astrocytic endfeet in chronic inflammatory conditions"”". Similarly, activated microglia can induce the
loss of pericytes via TGF-p signaling in models of Alzheimer’s disease'”’” and have been shown to cause BBB
disruption via activation of MMP-2/-9""! in a mouse model of PD. The role of microglial interactions with
cells that form the BBB is further underpinned by the recent description of capillary-associated microglia
(CAM) that reside in close proximity to microvessels and could make up around 30% of the microglial
population in the mouse brain. Although acute depletion of these cells did not increase BBB permeability,
they were demonstrated to regulate vascular tone in a PANX1-P2RY12-dependent manner!”. In another
study, inhibition or deletion of the P2RY12 receptor in microglia was found to prolong BBB closure after
acute laser ablation!””. Another important type of cells that interact with the BBB are perivascular
macrophages (PVMs), a subtype of BAMs (see previous chapter), and although their main role is
considered to be in immune surveillance and autophagy, studies also point to a modulation of vascular tone
and BBB permeability!*. Like in microglial cells, there seems to be a dual role in the interaction with the
BBB, where PVMs maintain and regulate BBB function in health, but can cause BBB damage and leakage in
disease or inflammatory conditions"**"”?. PVMs are considered highly stable and possess self-renewal
capacity under physiological conditions"”. Interestingly, PVMs can be replenished by infiltrating
monocytes after insults or in pathological states"*. Not much is known about the specific effects of aging
on PVMs in the context of their interaction with the BBB, but recent work suggests that their number
178]

increases in older humans"”” and that they lose functions associated with cerebrospinal fluid regulation"”.
Furthermore, another subtype of BAMs, meningeal macrophages, show an increase in MHC-II" dural
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macrophages with aging, while MHC-IT' dural macrophages diminish"”, possibly making them more likely
to activate T cells and promote inflammation. These observations make it conceivable that the ability of
PVMs to maintain and repair the BBB also diminishes with age and that they shift to more pro-

inflammatory phenotypes, thereby actively increasing the permeability of the BBB.

Importantly, there is also substantial crosstalk between the BBB and immune cells in the periphery!*'*'.

High levels of inflammatory cytokines such as IL-6, TNF-a or IL-1p in the blood (see previous paragraphs
for association with PD) can cause decreased expression or breakdown of essential tight junction proteins
like Occludin and Claudin-5, resulting in a more permissive BBB!'"*>'*”.. In addition, peripheral inflammation
has been linked to the upregulation of cellular adhesion molecules (e.g., VCAM1, ICAM1, and E-Selectin)
on BECs, which in turn facilitate the entry of peripheral immune cells into the CNS"*, potentially causing a
feedforward loop of dysregulated immune function and disruption of the BBB. The relevance of these
interactions in PD, however, is only poorly understood and studies establishing causality or a timeline of
pathophysiological events are currently missing.

Establishing the precise role of the BBB in the context of aging, inflammation, and neurodegeneration is
increasingly imperative, as focused-ultrasound-induced BBB opening has become more available in recent
years as a tool for drug delivery"**. The technique induces a transient, focal, and reversible opening of the
BBB through the interaction of a focused ultrasound beam with systemically administered microbubbles"*.
The procedure has been shown to be safe in people with Alzheimer’s disease*” and PD"*'*) and various
animal models"*. From this, it would be conceivable that short openings of the BBB can safely be tolerated,
while chronic long-term openings result in immune infiltration and neurodegeneration. However, long-
term data are missing due to the novelty of the procedure. Apart from drug delivery, the ability of the
technique for localized and transient BBB opening could also help in better understanding the role of the
BBB in neurodegenerative diseases and aging.

CONCLUSION

The selective vulnerability of dopaminergic neurons in the substantia nigra pars compacta to the effects of
aging is a multimodal phenomenon, but recent advances in animal models of PD have established a central
pathophysiological role of oxidative stress, mitochondrial dysfunction, and neuromelanin accumulation.
Despite these advances, there is currently no comprehensive theory that unites selective vulnerability with
other factors implicated in the pathophysiology of PD, such as Lewy pathology, the response of the immune
system, and BBB disruption. We have laid out in this review that age-associated changes in the immune
system (i.e., lower anti-inflammatory potency and lower self-tolerance) and the BBB (i.e., impaired
homeostasis, pro-inflammatory phenotype) can contribute to pathophysiological changes in PD, making the
effects of aging a multisystem phenomenon. This review did not touch on the possibly important
contributions of aging in glial cells, the glymphatic system, or the microbiome and further studies will be
needed to establish a comprehensive pathophysiological cascade and possible causality. Nevertheless, given
the current evidence, it seems likely that multimodal effects of aging on the levels of SNc¢ dopaminergic
neurons, the immune system, and the BBB increase the likelihood of excessive neurodegeneration and,
subsequently, PD. Furthermore, this multisystem approach allows for multiple angles to potentially initiate
pathophysiological processes which could partially explain the heterogeneity in PD.
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