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Abstract

1.

As synucleinopathies, Parkinson’s disease (PD) and multiple system atrophy (MSA) are
neurodegenerative diseases that involve the spread of pathogenic alpha-synuclein (a.Syn)
throughout the brain. Recent studies have suggested a role for aSyn as an antimicrobial peptide in
response to PD- and MSA-related infections of peripheral tissues, including those in the
respiratory, gastrointestinal, and urogenital systems. In this chapter, we examine epidemiological
and experimental evidence for a role of peripheral microbial infections in triggering alpha-
synucleinopathies. We propose a model of how infectious triggers, in conjunction with
inflammatory, environmental, and genetic facilitators, may result in transfer of pathogenic a.Syn
strains from the periphery to the brain, where they propagate and spread. Finally, we discuss future
research challenges and programs necessary to clarify the role of infections as triggers of PD and
MSA and, ultimately, to prevent the onset of these diseases by infectious triggers.

Introduction

1.1 Alpha-synucleinopathies

Neurological protein misfolding diseases include common and pernicious neurodegenerative
diseases such as Alzheimer’s disease (AD), tauopathies, Amyotrophic Lateral Sclerosis,
Creutzfeldt-Jakob disease, prion diseases, and Huntington’s disease. Some neurological
protein misfolding diseases are characterized by intracellular inclusions of misfolded alpha-
synuclein (aSyn) and are collectively termed alpha-synucleinopathies. They include
Parkinson’s disease (PD), dementia with Lewy Bodies (DLB), and multiple system atrophy
(MSA). Although the proteins implicated across the spectrum of neurodegenerative diseases
and the clinical manifestations thereof vary, the molecular mechanisms underlying protein
misfolding share several characteristics, including the accumulation and progressive spread
of protein aggregates in the brain. The triggers of protein misfolding and propagation and
the means by which misfolded proteins exert their toxic effects are still hotly debated.
Furthermore, there are no known cures or effective treatments for these progressive
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disorders, which means that, in total, protein misfolding neurological diseases are associated
with very high societal costs and represent a major unmet medical need.

In order to develop preventive strategies or disease-modifying therapies, it is imperative to
define and understand the mechanisms that underlie disease progression and to identify
genetic and environmental factors that play roles in triggering disease. In this chapter, we
first introduce the two alpha-synucleinopathies, PD and MSA, describing the clinical
neurological features and molecular neuropathologies. We then discuss a new potential
triggering event, arising from the impact of microbial infection, on the initial steps of alpha-
synucleinopathies. Finally, we discuss if unraveling how pathogens trigger aSyn expression
and, potentially, its misfolding could lead to the future development of preventive or disease-
modifying therapies.

1.2 Parkinson’s disease

Parkinson’s disease is the second most common neurodegenerative disease, affecting 7-10
million people worldwide. With the growing size of the aging population and advances in
health care and life expectancy, these numbers are expected to increase.! The rate of growth
of the prevalence of PD has surpassed that of other neurodegenerative diseases, such as AD,
resulting in some researchers labeling PD a “pandemic.”?

In the PD prodromal stage, people destined to develop PD often exhibit non-motor
abnormalities, including Rapid Eye Movement (REM) sleep behavior disorder (RBD),
hyposmia, autonomic dysfunction, depression, and constipation. Currently, the diagnosis of
PD cannot formally be established until the characteristic motor features, namely, resting
tremor, bradykinesia, and rigidity, are apparent.3 These motor symptoms are believed to be
largely due to progressive degeneration of dopaminergic neurons in the substantia nigra pars
compacta (SNpc) and of their axon terminals in the striatum.* The loss of nigral dopamine
neurons is one of the major histopathological hallmarks of PD. The second key
neuropathological feature of PD is the accumulation of aSyn protein into intraneuronal
aggregates, known as Lewy bodies and Lewy neurites. The vast majority of PD cases are
sporadic. Only an estimated 5-10% of patients exhibit monogenic inherited forms of the
disease.® While a review of inherited forms of PD is beyond the scope of the current review
and has been covered in detail elsewhere, a number of PD genes are noteworthy. The most
common autosomal dominant monogenic form of PD (with a penetrance estimated at 40—
80%) involves mutations in the gene encoding the kinase LRRK2. This kinase has been
implicated in endosomal cycling and has been suggested to play a role in several cellular
functions including autophagy, possibly in neurons or immune cells.”8 In other very rare
forms of autosomal dominant PD and closely related neurological disorders, point mutations
or multiplications of the aSyn gene SNCA occur,® supporting the idea that the formation of
Lewy pathology is likely a key part of the pathogenesis in sporadic disease as well. Other
inherited mutations are strong risk factors but still exhibit very low penetrance. For example,
heterozygous mutations in the gene encoding the lysosomal enzyme glucocerebrosidase
(GBA), which is deficient in Gaucher’s disease, also elevate apparent PD risk to about four
times that of controlsl? and are particularly common among Ashkenazi Jews. Additionally,
several genome-wide association studies (GWAS) have identified genetic loci associated

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2019 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tulisiak et al.

Page 3

with altered PD risk. The most recent GWAS lists 90 polymorphisms in 78 genetic loci
associated with PD risk.11 While the functional implications of these polymorphisms in non-
coding DNA have not yet been defined, some are located close to established PD risk genes
(e.g., LRRKZ, SNCA, and GBA) and a large proportion are located close to genes
implicated in immune functions and the lysosomal-autophagy pathway.12-16 A recent study
suggests that the PD genetic risk loci exert their risk-modifying effects in non-neuronal cells
in the central nervous system and cells and tissues outside the nervous system.16 This latter
observation suggests that the triggering of the PD process might involve peripheral tissues.
Despite the large number of genes and non-coding genetic loci implicated in PD, it is
important to note that genetic risk factors have been estimated to collectively account for
26-36% of total PD risk.1! This modest genetic link has been further corroborated by a twin
study of PD concordance between mono- and dizygotic twins, with proband-wise
concordance at 0.20 for monozygotic and 0.13 for dizygotic twins, and heritability estimates
at 0.27.17 Furthermore, if estimates from the recent GWAS are accurate, this means that 64—
74% of PD risk can be attributed to environmental factors, a large category that might
include infections.11

Epidemiological and experimental studies have identified strong associations between
certain environmental factors, such as exposure to MPTP, the precursor to neurotoxin MPP+,
or to pesticides, and elevated PD risk.18 This risk may be further elevated both by genetic
impairment in handling of and by opportunity for passive or occupational exposure to
environmental toxins.1920 Nevertheless, the role of many other environmental factors and
their interactions with genetic risk in PD are relatively unexplored areas of research.?! The
identification of factors that trigger PD, especially in idiopathic cases without clear exposure
to toxins known to reliably induce the disease, has been particularly challenging because the
disease process is believed to begin several years or decades before the presentation of motor
symptoms.22 This makes it particularly difficult to associate exposure to a particular
environmental risk factor with subsequent PD development.

The anatomical distribution of Lewy pathology in PD has provided a new insight into the
possible triggers of PD pathology. Almost two decades ago, Braak and colleagues suggested
that Lewy pathology first appears in the dorsal motor nucleus of the vagal nerve—the source
of enteric nerves controlling gut motility and other organs in the digestive tract—as well as
in the brainstem and the olfactory bulbs.23 They proposed that this pathology is present prior
to the appearance of classic motor symptoms in PD?425 and could contribute to the
constipation and hyposmia that are frequently present in the PD prodrome.3:26 They further
suggested that the Lewy pathology then gradually spreads throughout the brain, among
different anatomical regions, in a stereotypic fashion, only reaching the nigral dopaminergic
neurons after several years.23:24.27 Thus, the death of dopamine neurons and concomitant
development of motor symptoms are suggested to develop decades after the initial trigger of
the disease.2® During the past decade, it has been demonstrated in experimental models that
misfolded aSyn can be secreted from neurons and then internalized by neighboring neurons.
29-33 Once inside the new cell, it can act as a seed and recruit endogenous native aSyn from
the new cell, causing it to misfold and aggregate in a manner reminiscent of prions. Small
aggregates of aSyn can be transported in both directions along axons.34 Based on all these
observations, it has been proposed that aSyn exhibits prion-like behavior which underlies
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the protracted and gradual spread of Lewy pathology from one brain region to another.3°
The model is also consistent with the idea that an initial accumulation of misfolded a.Syn in
peripheral tissue (e.g., the gut) or the olfactory bulbs could be the first pathogenic event in
PD. As the digestive and respiratory systems are exposed to the exterior environment, it is
tempting to suggest that external triggers use these systems as entry points to gain access to
the central nervous system.

1.3 Multiple system atrophy

Multiple system atrophy (MSA) is a rapidly progressing alpha-synucleinopathy
characterized by a breakdown of basic and vital functions including breathing, digestion,
urination, blood pressure control, and motor functions. It is a rare neurodegenerative disease
with an estimated prevalence of 1 per 20,000 individuals.36 MSA is sub-divided into
cerebellar (MSA-C) and parkinsonian (MSA-P) forms, although during later disease stages,
patients usually exhibit both cerebellar and parkinsonian features.37 It is not known how
MSA arises, and no environmental or genetic contributors have been identified to date.
Similar to PD, several disease mechanisms have been suggested, including brain
inflammation, metabolic failure, and a.Syn accumulation.38 An accurate identification of
genetic risk factors has been hampered by the fact that the disease is both heterogeneous and
rare. Some studies suggest that there are certain genetic loci that affect both PD and MSA
risk. A study with autopsy-proven cases of MSA suggested that specific GBA variants are
more frequent in MSA patients in comparison to AD patients or normal subjects.3 Another
study of 900 MSA patients found similar results and furthermore showed that GBA variants
were much more frequent in patients that had the MSA-C subtype. 40

RBD also seems to be a clinical feature that predicts future development of not only PD and
DLB, but also MSA.#1 In contrast to PD, however, hyposmia is not clearly associated with
MSA .42-44 By contrast, what is particularly striking in MSA is that symptoms from the
genitourinary tract are prominent and can occur many years before the earliest motor deficits
appear.*>4% This is notable considering that the parasympathetic pudendal nerve innervates
the urogenital system and directly synapses with different regions within the spinal cord and
brainstem that are affected in MSA, particularly the MSA-C subtype. In fact, a recent report
suggests that aSyn pathology is prominent in the nerves innervating muscles of the urinary
tract of MSA patients, but not PD patients.*’

2. Infections as potential triggers of alpha-synucleinopathies

In this section, we discuss whether microbial or viral infections can initiate alpha-
synucleinopathy-related disease processes. We propose that, following pathogen infection
and a simultaneous inflammatory response, aSyn expression in peripheral neurons will
increase, leading to accumulation of the protein, which will misfold and form high
molecular weight assemblies. Under normal conditions, and hence, for the majority of
people exposed to pathogens that are potential triggers, these a.Syn seeds will not propagate
as pathological aggregates but will instead be cleared by normal cellular homeostatic
mechanisms. Therefore, in most cases, we hypothesize that exposure to pathogens alone is
not sufficient to trigger central aSyn pathology. We suggest that only under certain
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conditions (genetic predisposition, metabolic perturbations, cellular aging, etc.) will the
cellular milieu facilitate the accumulation and spread of aSyn aggregates, eventually leading
to alpha-synucleinopathies such as PD or MSA. We have divided the evidence supporting
this model into two parts, one that discusses it extensively in the context of PD, and a shorter
section that considers how the model might apply to MSA.

2.1 Evidence of infections in Parkinson’s disease patients and animal models

Both the nose and the gut, along with other visceral organs innervated by the vagus nerve,
including the lungs and liver, are continuously exposed to environmental factors that could
potentially trigger aSyn aggregation. Infectious diseases have historically been proposed as
contributing factors to the onset of neurodegenerative diseases. Early evidence exhibited a
link between the 1918 influenza pandemic known as the Spanish flu and an increase in the
number of PD cases in survivors of the flu decades later (in the 1940s and 1950s).48 Gamboa
and colleagues further studied the association between the Spanish influenza outbreak and
encephalitis lethargica and post-encephalitic parkinsonism, and found influenza antigens in
the brains of these patients,? although subsequent retroactive epidemiological studies found
no link.50 Nevertheless, these observations were the first to link viral infections and
parkinsonism.

Associations between brain penetrant viral infections—in particular herpes simplex virus
(HSV), Influenza-A, West Nile, and norovirus—and neurodegenerative diseases have been
demonstrated in experimental models and epidemiological and case-control studies.>
Chronic infections like those caused by HSV have the potential to produce prolonged or
recurring inflammatory responses. Even transient infections like Influenza-A (e.g., H5N1,
H1N1) may be triggers of aSyn production through their point of entry. For respiratory
infections, the nasal cavity, innervated by the olfactory nerves from the olfactory bulbs, and
the lungs, innervated by the vagal nerve, may be the starting point (Fig. 1A). After a
triggering event in the respiratory system, alpha-synucleinopathy could spread outward
through olfactory structures or along the vagus nerve to the brainstem.52:53

Proteins implicated in protein misfolding diseases that can form oligomers and fibrils, such
as a.Syn, appear to be part of the first line of defense against pathogens acting as natural
antimicrobial peptides (AMPs).54 It has been suggested that AMPs can act as potent
antibiotics by the destabilization of biological membranes, or as immunomodulators in
tissues with limited adaptive immune response, such as the neural system. It is conceivable
that the immune response initiates aSyn production as part of the defense mechanism to
combat infections. Before eradication, the infectious agent may be escorted by aSyn,
possibly in the form of small, potentially seeding-competent assemblies, as it spreads along
the vagus nerve before penetrating the brain, inducing central aSyn pathology or
aggravating neuroinflammation (Fig. 2). The soluble form of aSyn has broad spectrum
antimicrobial properties at concentrations as low as 0.2 UM, which is two magnitudes lower
than the concentration of a.Syn found in neuronal synapses.>® At these low concentrations,
aSyn was shown to dramatically impact the survival of various types of bacteria and fungi /n
vitro.58 Furthermore, aSyn expression was upregulated in response to viral infection.>”
There is support for this concept in other neurodegenerative diseases as well. In brains of
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AD patients with Candida infections, accumulation of amyloid B-protein (Ap) aggregates
was observed around infections. This observation was hypothesized to represent a
neuroprotective sequestration of the infection for attack by a special type of neuroimmune
response.®8:59 Indeed, Candida infections induced activation of proinflammatory
transcription factor NF-xB and production of the cytokines IL-18 and TNFa,%0 tying
together aggregation of Ap around Candida with neuroinflammation. In a similar way, it has
been suggested that AP1_4 exerts an antibacterial effect against Porphyromonas gingivalis.
This pathogen has been found in the brain of AD patients and was proposed to act as a
trigger of the disease.b1 There is evidence that the protease gingipain R1, which is produced
by P gingivalis, is present in blood clots of PD patients but not controls, suggesting this
bacteria may be associated with PD risk as well.52

Studies in animal models using intranasal administration of the influenza HSN1 and HIN1
viruses showed that both viruses induce microglial activation and associated
neuroinflammation in the SNpc of mice83.64 (Table 1). While the brain-penetrant HSN1
induced alpha-synucleinopathy, neuroinflammation, and a temporary period of dopaminergic
neuron atrophy and loss of function after which the neurons recovered,53.69 the non-
penetrant HLN1 exacerbated dopaminergic neuron death induced by the parkinsonian toxin
MPTP®5 (Table 1). This demonstrates that viral infections, whether they penetrate the CNS
or not, can induce neuroinflammatory responses that under certain conditions can lead to
accumulation and spread of aSyn, and ultimately to neurodegeneration. Another brain-
penetrant virus, the Japanese encephalitis virus, also induces dopaminergic neuron loss and
motor symptoms in rats®6 (Table 1), although changes in aSyn were not monitored because
its connection to PD had not been discovered at the time when the study was conducted.

An intriguing potential link between viral infections and processes linked to PD
pathogenesis has been revealed in studies of systemic West Nile virus infections. In mouse
models of West Nile virus infection, a major cause of viral encephalitis transferred by
mosquitos, expression of endogenous aSyn was upregulated in response to the viral
infection in cell culture.>” Furthermore, when aSyn knockout mice were infected, there was
an increased viral particle load in the brain and mortality due to encephalitis was greater,
supporting the novel idea that aSyn modulates viral infections. Because the presence or
absence of a.Syn did not affect the host response when West Nile virus was inoculated
directly into the brain, as opposed to systemically, the investigators proposed that aSyn
restricts the transfer of the viral infection from the PNS to the CNS.57 Furthermore, other
neurodegenerative disorders, such as AD, have been associated with brain penetrant viral
infections—nbrains of AD patients have shown higher levels of HSV antigen than the brains
of HSV-positive, non-AD controls,’%-"2 and HSV accelerated deposition of AB in a manner
that entrapped viral particles in 3D neural cell cultures.’?

Other common infections have also been associated with altered PD risk. One case-control
study utilizing 110 newly diagnosed PD cases and 220 controls identified various infectious
diseases, including mumps, scarlet fever, influenza, whooping cough, and HSV, as risk
factors for PD.73
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Visceral organs innervated by the vagal nerve, including the gut and the liver, could
constitute other peripheral sites that may be impacted by infections, subsequently triggering
PD. In this case, infections in visceral organs could potentially first affect neurons in the
enteric nervous system (ENS) and spread to the brain by traveling up the vagus nerve,
ultimately triggering central PD pathology (Fig. 1B). In line with this, epidemiological
studies have shown that both vagotomy and appendectomy are associated with decreased
risk of developing PD, in particular if the surgery takes place early in life.”4-76

Hepatitis C virus (HCV), which infects the liver, was associated with increased PD risk in
two large Taiwanese cohorts (62,276 cases, and 49,967 cases and 199,868 controls,
respectively; adjusted Odds Ratios for both ~ 1.3).77:78 The former study also found 60%
dopamine neuron death, levels similar to exposure to 100 nM of the PD-inducing neurotoxin
MPP+, and inflammatory cytokine release in a human HCV-exposed neuron-glia coculture
rat model.’8 Clinical treatment of HCV with interferon increases the incidence of comorbid
PD,”® making it difficult to distinguish whether HCV itself or its treatment is associated with
PD. Furthermore, a study of a separate cohort from the aforementioned two studies
corroborated the finding that HCV confers an elevated risk for PD, as does Hepatitis B.80

The metabolic kynurenine pathway is activated during infection and has been shown to
produce large amounts of picolinic acid in response to HCV infection.8! Interestingly, one
genetic risk factor for PD is polymorphisms in a locus close to the ACMSD gene,?? the
enzyme responsible for the production of picolinic acid at the expense of the excitotoxin
quinolinic acid. The combination of genetic risk factors involving such metabolic
mechanisms and an infection triggering a.Syn production could represent a “perfect storm”
of cellular events necessary to facilitate aSyn propagation and spreading of pathology. With
the recent development of a mouse model of HCV,83 it may be possible to unravel the
mechanisms that underlie the association between HCV infection and PD.

Disturbances in the neuronal signaling between the gut and the brain may underlie some of
the preclinical/prodromal PD symptoms, in particular gastrointestinal issues, including
constipation as well as other syndromes and diseases associated with PD, such as peptic
ulcers, inflammatory bowel disease (IBD), or Crohn’s disease. Chronic infection with the
gastric pathogen Helicobacter pylori, a potential causative agent of peptic ulcers, is
associated with elevated risk of developing PD.84

The scope of potential insults that may act as triggers of PD pathogenesis extends beyond
infections and may also include alterations (dysbiosis) of the resident gut microbiota. Even
though this is a relatively new field of study in PD, there are several human case-control
studies addressing the taxonomic changes in gut microbiota. These studies invariably suffer
from the short-coming that it is not clear whether any observed changes in gut microbiota
are due to the constipation that commonly occurs in PD or due to anti-PD medications.
Furthermore, changes in gut microbiota that might act as triggers of PD pathogenic
processes are likely to have occurred several years prior to the diagnosis of PD.
Notwithstanding these significant caveats, the information available suggests that the
composition of the PD microbiome is characterized by increased representation of
Lactobacillus, Bifidobacterium, and Verrucomicrobiaceae Akkermansia and
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Enterobacteriaceae, and decreased representation of Faecalibacterium, Coprococcus,
Blautia, and Prevotel/a8® Interestingly, the gut microbiota also comprises a large variety of
viruses, fungi, and archaea that have not hitherto been the subject of extensive study.
Bacteriophages, a viral component of the gut microbiota, can alter gut bacterial composition
and impact intestinal permeability as well as local inflammation. A recent study reported
that PD patients’ microbiome is enriched in lytic lactococcal phages.86 An altered gut
microbiota composition can also lead to changes in the levels of metabolic products from gut
bacteria, including short-chain fatty acids (SCFASs), which are major players in the
maintenance of immune homeostasis and neuroprotective or neurotoxic kynurenine
metabolites.8” Therefore, bacterial metabolites can have profound effects on the
inflammatory milieu both in the periphery and the brain. A lower abundance of
Coprococcus, Blautia, and Prevotellahas been associated with decreases in SCFAs and
could contribute to the increased intestinal permeability observed in PD patients.88:8% As
mentioned above, most studies have been performed in patients already diagnosed with PD,
and it is known that disease duration and medication can alter microbiota composition.
Therefore, in the future it will be important to perform prospective longitudinal studies that
include people with prodromal PD to identify specific dysbiosis signatures that might be
triggers of the disease.

Few functional studies have been performed in animal models to address the role of the
microbiome in the initial stages of PD. Fecal microbiota transplantation from PD patients
into germ-free transgenic mice that overexpress aSyn worsened the motor deficits in this PD
model®® (Table 1). Even when it has been shown that PD patients display decreased absolute
concentrations of SCFAs,% SCFA supplementation promoted microglial activation and
motor dysfunction in the a.Syn overexpressing mouse.® These results in animal models
contradict the notion that SCFAs are anti-inflammatory and protective against pathological
conditions, and again reveal a need for more studies in PD patients and animal models to
better understand the role of the gut microbiota and its metabolites.

Aside from changes in SFCAs, there are additional possible mechanisms through which gut
infections or dysbiosis could trigger the disease process, including bacterial amyloid cross-
seeding. This notion is supported in an aged rat model of aSyn accumulation in the GI tract,
in which it was observed that the inoculation of an £. co/i strain that produces the bacterial
amyloid protein Curli increases glial activation and a.Syn deposition8” (Table 1). The most
noteworthy mechanism, however, proposes that gut dysbiosis and/or infections increase
intestinal permeability and peripheral inflammatory response, triggering pathological aSyn
deposition and propagation, cytokine release, and glial activation.%1:92

2.2 Evidence of infections in multiple system atrophy

To date, no epidemiological studies have strongly associated environmental factors or
infectious diseases to MSA. A recent study established an association between increased
MSA risk and chronic inflammation in the gut and found that peripheral inflammation might
be a risk factor for MSA.93 Furthermore, the gut microbiome in MSA patients differs from
that of control subjects and is consistent with gut inflammatory activation.®* While PD and
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MSA exhibit some intriguing similarities, their clinical presentations are often remarkably
distinct. The question, then, is why are MSA and PD so different?

In contrast to PD, where neuronal inclusions are the key defining histopathological lesion,
MSA is characterized by aSyn deposits in oligodendrocytes and Schwann cells in the
central and peripheral nervous system, respectively.9> Smaller aggregates of aSyn that are
difficult to detect with conventional staining methods are found in neurons.9¢ When
comparing neuron-derived aggregated aSyn with aSyn isolated from oligodendrocytes, both
the structures and biological activities of aSyn are different.%” Furthermore, under given
assembly conditions, monomeric aSyn can misfold and aggregate into specific high
molecular weight structures that are ultrastructurally and biochemically unique, and can be
considered distinct strains of a.Syn aggregates.98 Such aSyn strains can have differential
pathological effects in experimental models.%® Hence, this might provide a clue as to why
alpha-synucleinopathies are so heterogeneous. How a.Syn can form various types of
assemblies (strains) in different diseases, however, remains a mystery.

Central to the idea of a distinct type of aSyn strain being present in MSA is that the
formation and maturation of aSyn occurs in oligodendrocytes. a.Syn inclusions are found in
differentiated, myelinating oligodendrocytes that do not express a.Syn under normal
conditions in adulthood. Immature oligodendrocytes express aSyn but downregulate its
expression during maturation, and once oligodendrocytes start to myelinate, aSyn becomes
undetectable.190-102 One possibility could be that exogenous aggregates of aSyn are
generated in the periphery, outside of the nervous system, and trigger aggregation of aSyn in
oligodendrocytes. Notably, erectile dysfunction and incontinence are some of the earliest
symptoms in MSA. Therefore, one can hypothesize that bacterial, viral, or fungal infections
of the urinary tract or distal colon trigger the formation of unique, pathological aSyn seeds
in peripheral nerves innervating these organs. These nerves would provide an entry route
into the CNS via sympathetic and parasympathetic innervations of the urinary tract and
distal colon (Fig. 1C). MSA patients were indeed shown to have abundant Lewy pathology
in the nerves innervating the bladder, which was not the case for PD patients in the same
study.#” Furthermore, when seeding-potent fibrils of synthetic aSyn were injected into the
lower urinary tract of hemizygous TgM83*/— mice, which overexpress human A53T mutant
aSyn, they were found to spread from the bladder to the spinal cord where it gave rise to
neuronal and sparse glial pathology.*

A more speculative hypothesis that could explain why a Syn aggregates are present in the
cytoplasm of glia in MSA is that mature oligodendrocytes could conceivably use aSyn to
combat infections. Given the purported antimicrobial properties of aSyn,56:103.104 jt js
possible that mature oligodendrocytes defend themselves against invading pathogens by
expressing aSyn. Intracellular accumulation of aSyn in response to pathogens could provide
oligodendrocytes with a mechanism to defend themselves against intracellular microbes
before they cause irreversible damage and demyelination. Over 15% of MSA patients
experience repeated urinary tract infections as an initial symptom before an MSA diagnosis
is made. After diagnosis, recurring urinary tract infections are suffered by more than half of
MSA patients, of which a significant number die due to related complications.1% In light of
recurrent urinary tract infections being common in MSA, 196 recurring bacterial
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(uropathogenic £. coli) or fungal (Candida) infections in the urinary tract might trigger the
formation of distinct aSyn strains in neurons, Schwann cells and oligodendrocytes,
eventually leading to prion-like propagation of aSyn pathology in MSA. Urinary tract
infections, however, are common,107 and urinary tract infections alone cannot explain why
an individual would develop MSA. One has to posit that a facilitator that is specific for the
disease increases a person’s susceptibility to develop MSA.

3. Research challenges regarding infections as triggers of Parkinson’s

disease

The aforementioned epidemiological, case-control, and animal studies support the notion
that infections, using different entry points in the body, could trigger alpha-synucleinopathy
and inflammatory processes that ultimately lead to PD and related synucleinopathies. We
recently proposed a model for PD pathogenesis in which different factors relevant to the
pathogenic process are active during different temporal phases of the disease?8 (Fig. 1). In
the past it has been suggested that inflammatory processes may be triggers of PD.108
However, in the present model of pathogen-induced PD and MSA, we suggest that
inflammation acts as a facilitator necessary for development of pathology that is initiated by
other triggers, such as infectious diseases. We further propose that there is a complex
interaction between genetic and environmental factor(s) that determine an individual’s
susceptibility to alpha-synucleinopathies. For example, the susceptibility to infections by the
intracellular bacterial pathogen Mycobacterium tuberculosis has been postulated to be
governed by the autosomal recessive PD gene parkin.1® GBA has been demonstrated to be
necessary for HIN1 endocytosis.110 LRRK?2 also affects maturation of phagosomes
containing Mycobacterium tuberculosis 11t

We hypothesize that neurons in PD, or oligodendrocytes in MSA, accumulate assemblies of
aSyn that act as AMPs in the defense against infections. We further suggest that this
accumulation only happens when the affected person is genetically predisposed or if there is
a second environmental or inflammatory insult (or some combination of facilitators) (Fig. 2).
This hypothesis implies that aSyn aggregates have a useful normal function in combating
the initial trigger before the process goes awry. Despite all the evidence implicating
microbes and infections as triggers of PD and MSA, the mechanisms by which these lead to
aSyn pathology are unknown. As mentioned above, aSyn exhibits antibacterial and
antifungal activities, in addition to restricting viral infections in the brain.56:103.104 |t jg
possible that, depending on the infection, the mechanism of action of aSyn could vary.
While the ability of aSyn oligomers to destabilize lipid membranes could be one
endogenous function in cases of bacterial and fungal infections, its function in ER-to-Golgi
vesicular transport, which some viruses manipulate to sustain self-replication, could affect
viral spread.193 It is also possible that loss of normal aSyn function due to misfolding and
oligomerization causes disruptions to secretory pathways, inducing an overload of
endolysosomal-autophagy pathways and subsequent accumulation of the vesicular structures
and dysmorphic organelles identified as major components of Lewy bodies.112 Related to
this is the finding that the oligomer forms of a.Syn target and disrupt intracellular
membranes, leading to accumulation of lipids within aSyn-positive inclusions, as observed
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in PD patient brains.112 a.Syn has also been demonstrated to have an immunomodulatory
role in acute inflammatory conditions of the gut, including IBD and norovirus infections in
pediatric patients. In the former study’s patients, aSyn aggregates were observed in the
colon and in macrophages.112 In the latter study’s patients, aSyn expression positively
correlated with the degree of inflammation, as various unfolded and high molecular weight
assemblies of a.Syn manifest a chemoattractant activity for phagocytic cells.114

Our model suggests that public health measures and treatments to reduce the infections
implicated in PD and MSA might reduce the incidence of these disorders. Interventions
could include different methods for microbiota modulation, ranging from dietary changes
and transfer of fecal microbiota to the use of antibiotics or even phagotherapies. Because
pathogen-induced inflammation might constitute a final common pathway, one can speculate
that anti-inflammatory treatments might reduce the risk for triggering PD and MSA,
regardless of which pathogens sparked the initial molecular cascade. Intriguingly, patients
with IBD, which is associated with higher incidence of PD, have a reduced risk of
developing PD if they have had early anti-inflammatory interventions with anti-TNF
treatment.115> However, caution should be taken when designing PD-modifying
interventions. If aSyn indeed is part of an important first-line defense mechanism, aSyn-
targeted immuno-therapies, which currently are being tested against PD and MSA,116.117
could potentially be harmful if the treated individual is infected by certain pathogens.
Therefore, identifying early, low-risk targets such as potential infectious triggers is
imperative to modify disease course and prevent initiation of alpha-synucleinopathy.

Because of the apparently long incubation period, which one can assume based on the PD
prodrome extending over years or even decades, it is challenging to identify which potential
infectious triggers are most important. It is also unclear whether only specific pathogens can
trigger alpha-synucleinopathies or whether any pathogen may contribute inflammatory
responses that initiate disease. While we highlight infections as potential triggers of alpha-
synucleinopathies in this chapter, they are most likely not the only triggers of PD or MSA.
Recent reports have suggested different clusters of PD based on development of symptoms,
118 and the existence of different triggers might explain some of this clinical variability.
Another possibility is that the site of primary infection (e.g., respiratory, gastrointestinal,
urogenital, or other peripheral tissues) significantly impacts the eventual pattern of
neuropathology.

In conclusion, we believe that there is sufficient and compelling evidence that infections
might act as triggers of alpha-synucleinopathies to warrant expanded research efforts
designed to test the hypothesis. These efforts could provide us with new therapeutic targets
for prevention of PD and MSA, but even if they do not, they will help to both clarify the
relationship between infections and alpha-synucleinopathies and to elucidate the role of
aSyn in immunity.
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Fig. 1.

Pc?tential routes of entry for infectious triggers of alpha-synucleinopathies. (A) Infectious
triggers of Parkinson’s disease (PD) may infect respiratory system tissues, including the
nasal passage, innervated by the olfactory nerves of the olfactory bulbs, and the lungs,
innervated by the vagus nerve (left). In the presence of facilitators, alpha-synuclein (aSyn)
deposition occurs in neurons before propagating interneuronally along these nerves to the
olfactory bulbs and brainstem before spreading through the brain (right). (B) Infectious
triggers of PD may also infect gastrointestinal system tissues, including the liver and
intestines, which are innervated by the vagus nerve (left). In the presence of facilitators,
aSyn propagates interneuronally along the vagus nerve to the brainstem before spreading
through the brain (right). (C) Infectious triggers of multiple system atrophy (MSA) may
enter the body and infect tissues of the urogenital system or distal colon (left). In the
presence of facilitators, aSyn deposition occurs in Schwann cells and oligodendrocytes.
aSyn transfers between these cells and neurons to the brainstem, from which alpha-
synucleinopathy spreads in the brain, including the cerebellum (right).
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Fig. 2.
Model of peripheral infections as triggers of alpha-synucleinopathies in the brain. (A)

Tissues of the respiratory, gastrointestinal, or urogenital systems are infected by microbial
triggers including viruses, fungi, or bacteria. (B) Cells of these tissues, including neurons in
PD and oligodendrocytes in MSA, experience an inflammatory response to the infection and
produce alpha-synuclein (aSyn) as an antimicrobial peptide. (C) A second hit of
environmental, genetic, or inflammatory facilitators leads to aggregation of potentially
seeding-competent assemblies of alpha-synuclein, which form Lewy bodies and neurites.
(D) aSyn and brain penetrant infections are transferred retrogradely along the nervous
tissues that innervate the infected peripheral organs, ultimately reaching the brain. (E)
Pathogenic aSyn seeds lead to neuroinflammation and propagation of alpha-
synucleinopathy throughout the brain over decades.
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Table 1

Functional contribution of infections to PD phenotypes in animal models.
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Virus Animal Manipulation Outcome References
H5N1 C57BL/6J mice Intranasal inoculation ~ Microglial activation, alpha-synuclein Jang et al.83
phosphorylation and aggregation. Nigral
dopaminergic neuron loss
HIN1 C57BL/6J mice Intranasal inoculation Microglial activation in the SNpc. Reduced Sadasivan et al.®4
levels of neurotrophic factors and increased
neuroinflammation markers
HIN1 C57BL/6J mice+ Intranasal inoculation Increased loss of nigral dopaminergic neurons Sadasivan et al.%®
MPTP
Japanese Fischer rats Intracerebral Nigral dopaminergic neuron loss and gliosis. L- Ogata et al.%
encephalitis inoculation DOPA-responsive bradykinesia
Bacteria Animal Manipulation Outcome References
Curli producing E£. Aged Fischer 344 Oral administration Microglial and astroglial activation. Increased Chen et al.®7
coli rats alpha-synuclein deposition
Other Animal Manipulation Outcome References
PD patients Germ-free Thl-aSyn  Oral administration Increased motor dysfunction Sampson et al.68
microbiota mice
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