Inflammatory bowel disease and Parkinson’s disease: common pathophysiological links
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Abstract

Inflammatory bowel disease and Parkinson’s disease are chronic progressive disorders that
mainly affect different organs: the gut and brain, respectively. Accumulating evidence has
suggested a bidirectional link between gastrointestinal inflammation and neurodegeneration,
in accordance with the concept of the ‘gut—brain axis’. Moreover, recent population-based
studies have shown that inflammatory bowel disease might increase the risk of Parkinson’s
disease. Although the precise mechanisms underlying gut—brain interactions remain elusive,
some of the latest findings have begun to explain the link. Several genetic loci are shared
between both disorders with a similar direction of effect on the risk of both diseases. The most
interesting example is LRRK2 (leucine-rich repeat kinase 2), initially identified as a causal gene
in Parkinson’s disease, and recently also implicated in Crohn's disease. In this review, we
highlight recent findings on the link between these seemingly unrelated diseases with shared
genetic susceptibility. We discuss supporting and conflicting data obtained from
epidemiologic and genetic studies along with remaining questions and concerns. In addition,
we discuss possible biological links including the gut—brain axis, microbiota, autoimmunity,

mitochondrial function, and autophagy.



Key messages

A bidirectional link between gastrointestinal inflammation and neurodegeneration in
the pathogenesis of Parkinson's disease (PD), in accordance with the idea of the ‘gut—
brain axis’, has recently emerged.

Population-based data reveal that patients with inflammatory bowel disease (IBD) are
at higher risk of subsequently developing PD.

The genetic overlap between IBD and PD suggests that shared disease mechanisms
underlie these disparate disorders.

Controlling the disease activity of IBD may reduce the risk of PD, potentially owing to
a reduction in gut inflammation.

Future therapeutic strategies could target the commonalities in the underlying biology
to increase the resilience of the intestinal barrier and thus delay or prevent the onset

of PD.



Box 1. Unanswered questions/concerns

- Epidemiological questions

e Do patients with PD have a reduced risk of developing IBD?

e Do IBD patients with age at onset above 60-65 years have a higher risk of PD than IBD
patients with younger age at onset?

e What triggers PD in patients with IBD?

e Do environmental factors (e.g., diet and smoking) play a role in the link between IBD
and PD?

e Limitations of previous studies:

o Isthere an effect of surveillance bias?

o How can we accurately exclude secondary or atypical parkinsonism?
- Genetic questions

e Are some patients with PD genetically predisposed to intestinal inflammation?

e Which specific genetic predisposition explains the co-occurrence of IBD and PD?

e Isthere a difference in the pleiotropic effects between the idiopathic and monogenic
forms of IBD and PD?

e Limitations of previous studies:

o Low penetrance of shared genetic variants
- Preventing PD in patients with IBD

e Can we predict PD risk among patients with IBD?
o ldentification of risk factors associated with prodromal phases of PD
e Does successful disease control alter the risk of co-occurrence?
o What are the effects of medication used to treat IBD on the risk of PD?

o What are the consequences of bowel resection on the risk of PD?
- Therapeutic interventions

e What is the role of immune-modulating agents in the general management of PD?
e Can modulation of the gut microbiota (e.g., fecal microbial transplantation) play a

therapeutic role in prevention or management of PD?



I. Introduction

Inflammatory bowel disease (IBD) and Parkinson’s disease (PD) are both chronic progressive
diseases resulting from a complex etiology.’ Both diseases differ in terms of age of onset,
major suspected cause, main affected organ, and clinical symptoms (Table 1). IBD, which
includes Crohn’s disease (CD) and ulcerative colitis (UC), is a chronic condition of the gut and
is accompanied by an impaired innate mucosal immune function, usually in young individuals.
A histological feature of CD are noncaseating granulomas, and cryptitis and/or crypt abscesses
are common findings in UC.1 2 By contrast, PD is a heurodegenerative disorder of the aging
brain, resulting in gradual worsening of movement including muscle rigidity, tremor, slowness
of movement, and impaired coordination. PD is characterized by progressive loss of
dopaminergic neurons in the substantia nigra and the presence of Lewy body pathology. Lewy
bodies are abnormal aggregates of misfolded protein, mainly a-synuclein®, which are tightly

associated with neuronal dysfunction and degeneration.

The gut—brain axis involves bidirectional communication between the gut and brain,>® linking
the two organs and also these seemingly unrelated diseases. Accumulating evidence has
suggested that chronic intestinal inflammation in IBD can promote the development of PD.
Indeed, recent population-based studies have shown that IBD patients are at higher risk of
developing PD later in life.”*! In addition, multiple studies support the idea of genetic
pleiotropy, in which one gene influences two or more disparate phenotypic traits, in IBD and
PD.12 Accordingly, research interest in the association between IBD and PD has risen steadily
(Figure 1). In this review, we highlight epidemiologic and genetic studies that support a link
between IBD and PD (Figure 2). We discuss why and how gastrointestinal inflammation, such
as that seen in IBD, is believed to contribute to the early phases of PD pathogenesis, and
provide the latest biological findings that may link the two diseases. Potential clinical

implementation and therapeutic approaches are described where applicable.

Il. Epidemiological evidence linking IBD and PD

Several epidemiological studies have sought to determine whether IBD increases the risk of
PD (Table 2). To date, five population-based cohort studies have reported that the risk of PD
is increased in IBD patients.”'? Specifically, IBD patients are at a 20-90% higher risk of
developing PD than individuals without IBD. However, the incidence of IBD among PD patients

remains a topic of considerable debate. A US study using Medicare data showed that PD



patients had a 15% lower risk of both CD and UC than non-PD controls.!® Hence, despite the
elevated risk of PD among IBD patients, IBD risk does not seem to be elevated among PD
patients. This suggests that the role of neurodegeneration in the pathogenesis of IBD is less
important than the role of gut inflammation in the pathogenesis of PD. However, this
discrepancy might also be related to the gap in peak incidence age between the two diseases.
Indeed, IBD is usually diagnosed during early adulthood, while PD is rare before 50 years of
age.? In addition, typical symptoms of IBD (e.g. loose stool) could partially be masked in PD

since a delay in gastric emptying and constipation are common in PD patients.'*

Although this population-based research has provided important new insights into the link
between PD and IBD, caution is warranted when interpreting the data. Since these data were
initially collected for non-statistical reasons, the limitations of studies using administrative
data include 1) surveillance bias, 2) the skewed age of the enrolled populations, 3) identifiers
of disease (e.g., International Classification of Disease [ICD] version 9 versus ICD-10), and 4)
confounding factors (e.g., medication, disease activity, history of bowel resection, and
smoking). Surveillance bias, also known as detection bias, can occur if some IBD patients are
followed up more closely than others. Taiwanese and US studies of IBD patients reported a
notably higher risk of PD relative to controls.”® However, neither study considered surveillance
bias effects on the measured risk of PD in IBD patients. More recent studies adjusted for the
number of healthcare visits to take into account the higher level of surveillance of IBD patients.
For example, Swedish IBD patients were 1.3 times more likely to be diagnosed with PD than
individuals without IBD, but the higher risk of PD was not significant after adjustment for the
number of healthcare visits.® By contrast, Danish and Korean cohort studies revealed an
elevated risk of PD in IBD patients that remained significant after adjustment for the number

of healthcare visits.10111>

Because age is such an important risk factor for PD, age at IBD diagnosis should be considered
when determining the risk for PD. A meta-analysis suggested that patients with onset of IBD
over the age of 60 years have a 32% higher risk of PD than those without IBD, whereas patients
diagnosed under the age of 50 did not exhibit this association.® By contrast, another study
demonstrated that the higher risk of PD in CD patients was significant only among individuals
with age at onset younger than 60 years.!! In addition, it is worth noting that older people

often take more medication, which might lead to a higher risk of drug-induced parkinsonism;



the second most common form of parkinsonism in the elderly after idiopathic PD. Medication
that interferes with dopamine transmission can cause parkinsonism; accordingly, the most
common causative drugs are agents that block dopamine receptors (especially the dopamine
D2 receptor), such as antipsychotics, antiemetics, and prokinetic agents. Therefore, the
elevated use of antipsychotics among people with IBD is an important consideration to
determine whether PD risk is elevated in IBD patients,’ as the parkinsonism observed might

be secondary to the effect of a drug.

Furthermore, it is often challenging to distinguish idiopathic PD from secondary parkinsonism
by administrative data.'® ICD codes have been used to identify the presence of PD in
population-based studies. However, ICD-8 and ICD-9 do not have separate codes for
secondary or atypical parkinsonism, which in ICD-10 is classified as G21 secondary
parkinsonism. Therefore, the potential misclassification of drug-induced parkinsonism as
idiopathic PD could bias the association between PD and IBD, particularly in elderly IBD

patients.

Moreover, the potential role of environmental factors in the association between
concomitant IBD and PD has only received limited attention. The effect of smoking would be
a very important starting point given its complex interaction(s). Smoking is a risk factor for
CD,! but appears to be protective against UC? and PD.3 To date, it remains ambiguous whether

smoking protects IBD patients from developing PD.

If IBD and PD share disease pathogenesis involving gut inflammation, could medications that
treat IBD and control inflammation subsequently decrease the risk of PD? No study to date
has examined how IBD activity is related to the risk of PD. Interestingly, IBD patients treated
with anti-tumor necrosis factor (TNF) agents had a 78% reduction in their risk to develop PD,
relative to those without anti-TNF treatment.® In addition, a Spanish study using data from the
Andalusian Public Health System?® reported that PD risk was reduced by 25% in putative IBD
patients who received 5-aminosalicylic acid. Also the use of azathioprine, and corticosteroids
is significantly associated with reduced risk of PD.?° These observations support the idea that

treatment of IBD might decrease subsequent risk of PD.



Ill. Genetic evidence linking IBD and PD

Consistent with the epidemiological evidence described above, IBD (especially CD) and PD
have genetic risk factors in common.? 2122 Witoelar et al. analysed genome-wide association
studies (GWAS) on patients with PD or any of seven autoimmune disorders (CD, UC, celiac
disease, multiple sclerosis, rheumatoid arthritis, psoriasis and type 1 diabetes) to search for
pleiotropic gene loci, i.e. markers associated with several disorders.!? They detected
considerable genetic overlap between PD and autoimmune diseases, with the strongest
genome-wide pleiotropic enrichment between PD and CD. Seven PD risk loci were found to
overlap with CD (MROH3P, HLA, CCNY, LRRK2, MAPT, SYMPK, and RSPH6A) and four with UC
(GUCY1A3, HLA, BTNL2, and TRIM10).%?

In addition, we evaluated previously identified associations for IBD and PD as listed in the
National Human Genome Research Institute GWAS catalog (accessed on 22/06/2020), and
looked for overlapping susceptibility loci.?? Besides the HLA (human leukocyte antigen) locus,
six loci [using 50 kb on either side of the published single-nucleotide polymorphism (SNP]) are
significantly associated with both diseases (Table 3). The chromosome 14g31.3 region
contains two protein-coding genes: the lysosomal enzyme galactosylceramidase (GALC) and
acid-sensing surface receptor G-protein coupled receptor 65 (GPR65); and thus points to
lysosome dysfunction as a common mechanism. GALC is a lysosomal enzyme involved in the
catabolism of galactosylceramide, and GPR65 plays a role inimmune responses by maintaining
lysosome function and supporting phagocytosis-mediated intracellular bacteria clearance.?*?>
The most strongly associated lead SNPs tagged in each GWAS analysis, rs8005161 (r’=1 with
coding variant rs3742704 located in GPR65) for IBD and rs8005172 for PD (Table 3), were in
moderate linkage disequilibrium in an East Asian population (r?=0.47 in Chinese Dai in
Xishuangbanna from Phase 3 of the 1000 Genomes Project) and low linkage disequilibrium in
a European population (r’=0.14 in Utah Residents with Northern and Western European
Ancestry from Phase 3 of the 1000 Genomes Project). Although the causal variant responsible
for the association of this locus with PD risk remains to be identified, the coding variant GPR65

p.1231L (rs3742704) associated with IBD is related to lysosomal dysfunction, with effects on

autophagy and antibacterial defense.?6?’

The most recent and largest GWAS meta-analysis that studied both PD patients and first-

degree relatives of PD patients as ‘proxy-cases’ reported 38 novel susceptibility loci including



FCGR2A and NOD2, which are highly relevant for IBD pathogenesis.?® The lead SNP (rs6658353)
in the FCGR2A locus in the PD GWAS is in strong linkage disequilibrium (r>>0.9 in a European
population) with a well-characterized nonsynonymous FCGR2A SNP (rs1801274).%° The latter
is associated with IBD and is shown to affect the recognition of immunoglobulins.3® This meta-
analysis also identified genome-wide evidence for an association between an intronic NOD2
SNP (rs6500328) and PD susceptibility. NOD2 is the most strongly associated and most
consistently replicated CD gene (Table 3).12° This new evidence implicates the role of immune

responses and microbial sensing in the development of PD.

One of the most interesting genes in the search for a genetic link between IBD and PD is
leucine-rich repeat kinase 2 (LRRK2) (Figure 3). LRRK2 is a large (2527 amino acids, 286 kDa)
multi-domain protein with a catalytic core, which displays kinase and GTPase activity and is
flanked by scaffolding regions.3! The LRRK2 gene first attracted attention in 2004, when
functional variants in this locus were linked to autosomal dominant PD.3? 33 Pathogenic
missense mutations (e.g. p.G2019S, rs34637584) increase LRRK2 kinase activity.3* This has led
to the development of LRRK2 kinase inhibitors as potential disease-modifying PD drugs, which

are currently being tested in clinical studies.®®

In addition to PD, LRRK2 is associated with other diseases, including IBD, leprosy, and cancer.3!
GWAS indeed identified an association between the LRRK2 locus and IBD, and this for several
LRRK2 genetic variants (Table 3)%° 3¢ including rs47682363¢ which is in perfect linkage
disequilibrium with rs3761863 (p.M2397T). LRRK2 p.M2397T has been shown to affect LRRK2
protein turnove.3” 38 Beyond GWAS, the functional coding variants in LRRK2 (p.G20195%° and
p.N2081D??) have initially been reported to increase the risk of CD in individuals of Ashkenazi
Jewish ancestry, probably because these missense mutations are more common in the
Ashkenazi population (Figure 3).223° Hui et al. furthermore reported that LRRK2 p.N2081D
(rs33995883) have shared effects on the risks of PD and CD in not only larger cohorts of Jewish
but also in individuals of non-Jewish descent.?> Moreover, they reported the p.N551K variant
(rs7308720, in linkage disequilibrium with p.R1398H (rs7133914) in the GTPase domain) is
associated with reduced risk of both CD and PD, while the p.N2081D variant (rs33995883, in
the same kinase domain as p.G2019S) is associated with an elevated risk of both CD and PD,
although being less strongly associated with PD. Previously reported GWAS associations

(Table 3)?° 3% in high linkage disequilibrium with p.M2397T (rs3761863) were substantially



attenuated in a conditional analysis correcting for p.N2081D (rs33995883).22 Based on
phosphorylation of the LRRK2 substrate RAB10, the protein kinase activity of the p.N2081D
risk variant for CD was reported to be elevated, whereas the p.R1398H variant, which is
protective against CD and PD, leads to increased GTPase activity, resulting in a less active GDP-
bound LRRK2.2% Further insight in the molecular and biological consequences of these shared

variants will be important as this might reveal common pathogenic pathways for both diseases.

An interesting question that arises is whether the shared effects of LRRK2 mutation(s) in IBD
and PD imply also shared therapeutic possibilities of LRRK2 kinase inhibitors. First, the
magnitude and direction of effect of the shared LRRK2 variants found through GWAS are
largely similar between the two diseases.?? However, as will also be discussed in the next
paragraph, monogenic causal variants in LRRK2 are only observed in PD patients. Therefore,
the therapeutic potential of targeting LRRK2 may be less pronounced in IBD, compared to PD.
Second, the distribution and frequency of mutations and genetic susceptibility factors in
LRRK2 shows ethnic-specific differences, such as the higher allele frequency of p.G2019S in
North African Arabs and the Ashkenazi population, while being monomorphic in Asians.%0 4!
Third, the biological consequence(s) of modified LRRK2 activity remain unclear in IBD.
Transgenic mice that overexpress Lrrk2 are more susceptible to dextran sodium sulfate (DSS)-
induced colitis.*? Interestingly, LRRK2 kinase inhibitors ameliorated DSS-induced colitis, both
in control and Lrrk2 transgenic animals, and could block TNF-a production in cultured dendritic
cells from CD patients.*? Although these findings are very exciting in light of the therapeutic
potential of LRRK2 inhibitors for IBD, it will be essential to obtain more insight into the
molecular mechanisms shared by the two disorders. Indeed, an earlier study discordantly
reported increased susceptibility to IBD in Lrrk2 knockout mice and showed that the CD risk-
associated allele encoding LRRK2 p.M2397T results in lower LRRK2 protein levels.?® This
discrepancy may reflect the complex nature of the biological function of LRRK2 and stresses
the need for further investigations with genetic and biological studies to gain insight into the

molecular mechanisms of LRRK2 shared by the two disorders.

Although PD and IBD susceptibility has mostly a polygenic origin, a small fraction of patients
has monogenic forms of the diseases. In contrast to the genome-wide pleiotropy described
above, the genes responsible for monogenic IBD do not overlap with those for monogenic PD.

About 50 single genes associated with very early-onset (monogenic) IBD have been identified,



including IL10R and XIAP; and most are linked to immune deficiencies.*> Mutations in several
genes can lead to monogenic PD, including mutations in PINK1, Parkin (both related to
mitochondrial function), and ATP13A2 (related to lysosomal function). Some of the monogenic
PD genes, such as those encoding for LRRK2 and a-synuclein, have also been described as
harboring risk variants for sporadic PD.* Mutations in LRRK2 are the most common cause of
monogenic PD?® % (from <1% to up to 37% of familial PD patients, depending on the
population®), but are not linked to monogenic forms of IBD. These genetic variants have large
effects on gene function, which have broad implications for the elucidation of disease
mechanisms, identification of biomarkers, and targeted therapy. However, shared rare

variants causing the monogenic forms of PD and IBD have not yet been reported.

IV. Potential biological mechanisms linking IBD and PD

1. Gut=brain axis

The gut and the brain are connected both physically and biochemically (Figure 4A): the
gastrointestinal tract itself contains 500 million neurons, and the vagus nerve, one of the
largest nerves connecting the gut and brain, sends signals in both directions.*® The gut and
brain are also connected through neurotransmitters, including serotonin and gamma-
aminobutyric acid.*® In addition, many studies have focused on the effects of the gut
microbiota on the brain, as a node of this axis.*” A pivotal study showed that germ-free mice
exhibit an exaggerated response to stress induced by physical restraint, implying that the
microbiota influence the hypothalamic—pituitary—adrenal axis, the central stress-response
system.*® This is consistent with findings in mice showing that a lack of conventional
microbiota affects behaviour and gene expression in the brain.**>! Vice versa, stress can
increase intestinal permeability in murine models,”?> which might facilitate intestinal
translocation of bacteria. Together, these animal studies clearly show that the gut
microenvironment can affect behaviour through various compounds produced by the gut and
its microbes (gut-to-brain), whereas stress can perturb the composition of the microbiota

(brain-to-gut).

The interaction between brain and gut is an important topic in the IBD field.® Psychological
stress in IBD patients can influence inflammatory activity by increasing the levels of serum and
mucosal inflammatory cytokines (Figure 4A).>3 On the other hand, the use of anti-TNF agents

is associated with improvement in depression scores.>® Recently, Gracie et al. prospectively



evaluated the bidirectional link between the brain and gut in 405 IBD patients over a minimum
of 2 years.>® In inactive IBD, baseline psychological comorbidity was associated with a 2-fold
increase in the risk of disease relapse and up-titration of medical therapy.>® Despite the limited
number of well-designed studies with IBD patients, these data suggest that anxiety or
depression might worsen the natural history of IBD, leading to a substantial decrease in quality

of life.®

In addition, accumulating evidence suggests that chronic gastrointestinal inflammation, a
characteristic of uncontrolled IBD, can lead to neuroinflammation via the gut—brain axis
(Figure 4B).>®>7 This is also in line with elevated stool calprotectin (gut inflammatory marker)
levels reported in PD patients.”® Notably in this regard, independent studies have associated
DSS-induced colitis in rodents with dopaminergic cell death.>® Chronic intestinal inflammation
might trigger aggregation of a-synuclein in the gut, which then spreads to the brain using the
vagal nerve.®® Interest in this field was paved by Braak’s hypothesis,®* which posits that
pathogens enter the gut through the nasal cavity or mouth; and can initiate Lewy pathology

in the nose and gut, preceding changes in the brain.

This hypothesis is supported by several studies. First, Lewy bodies can be observed in the gut
of PD patients up to 20 years before PD diagnosis.®® Therefore, it is reasonable to speculate
that a-synuclein starts to aggregate in the gut in the early stages, even before the first PD
motor symptoms appear. Second, in animal studies, the injection of exogenous a-synuclein
fibrils into the gut causes conversion of endogenous a-synuclein into a pathologic species that
spreads to the brain.??%3 Third, experimental® and clinical® ®® data reveal that vagotomy can
decrease the risk of PD. Finally, appendectomy is associated with a lower risk of PD, most likely
related to intraneuronal a-synuclein aggregates in the appendix.®® However, this observation
has not been replicated by independent studies.®® Taken together, these observations suggest
that Lewy pathology can start in the gastrointestinal tract after which it is spread via the vagus

nerve to the brain, where it contributes to the pathogenesis and progression of PD (Figure 4B).

Expression of a-synuclein in both the gut and brain of PD patients represents a possible link
between PD and IBD. However, the precise mechanism and role of enteric a-synuclein remain
unknown.* Also, it is not clear whether a-synuclein aggregation is a cause or a consequence
of gut inflammation. In general, a-synuclein is a ubiquitously expressed protein, and its

presence in the gut is also common in healthy individuals. Despite the observation that a-



synuclein protein levels increase with age, it is yet unclear whether this should be considered
as a pathological condition.®’” Recent studies suggest that a-synuclein plays a role in the
immune response in the gut via the enteric nervous system, which is essential for microbe-
induced immune responses in the gut.” ® Conversely, PD-related neurodegeneration may also
play a role in gut inflammation. Injection of the neurotoxin 6-hydroxydopamine (6-OHDA) into
the substantia nigra can produce lesions in nigral dopaminergic neurons, and is therefore
often used to model PD. This central neuronal degeneration was shown to be followed by
bowel inflammation associated with increased oxidative stress, pro-inflammatory cytokine
levels, and activation of enteric glia and inflammatory cells.®® This might be related to the
observation that 6-OHDA can also affect cholinergic neurons of the dorsal motor nucleus of

the vagus.>®

More insight in how gut inflammation contributes to central neuronal pathology, and vice
versa, will be pivotal to better understand disease pathogenesis and thus to provide new
potential therapeutic targets. In this context, identifying the risk factors associated with
developing PD among IBD patients will be clinically important. To gain further insight into the
risk factors among patients with IBD, we may start to explore which group of patients with PD
have a higher gut inflammatory burden. It has been reported that the level of stool
calprotectin in PD patients is elevated compared to the general population.>® Therefore, stool
calprotectin levels might be informative to select a priority PD patient group that is more
vulnerable to intestinal inflammation to investigate. For example, it could be further
investigated if this selected group of PD patients shows more genetic overlap with IBD patients.
Also, intestinal tissue of PD patients with high fecal calprotectin level would be very valuable
to further unravel the molecular mechanisms underlying both pathologies. Below, we further
discuss molecular mechanisms that may underlie the link between gut inflammation in IBD
and neurodegeneration in PD, and how this relates to (dys)fynction of LRRK2, given the

importance of this protein in the IBD-PD connection.®

2. Possible biological connections

2.1. Gut microbiota
Gut microbiota may play a role in the communication between the gut and the brain. It is
commonly accepted that IBD results from a defective mucosal immune response to gut

microbiota in genetically susceptible individuals.!2 Multiple lines of evidence have recently



also emerged on the role of gut microbiota in the pathogenesis of PD (extensively reviewed in
>7). Indeed, microbial dysbiosis can lead to increased gut mucosal permeability, inflammation,
impaired short-chain fatty acid balance, and/or oxidative stress, which in turn may trigger a-
synuclein aggregation (Figure 4B).”° In an o-synuclein transgenic PD mouse model,
transplanted fecal microbiota from PD patients exacerbated motor dysfunction to a
significantly greater degree than microbiota from healthy individuals.”* In addition, gut
infection may also play an important role in the development of PD symptoms. Although loss-
of-function mutations in PINK1 can cause PD in patients, Pink1-knockout mice do not develop
PD-like symptoms and were reported to be generally healthy. This might be related to the fact
that these mice were raised under germ-free conditions and thus lack gut microbes. Indeed,
infection of young Pink1-knockout mice with gram-negative bacteria that cause mild intestinal
symptoms was sufficient to trigger PD-like symptoms later in life.”? This is in line with
epidemiological data showing that gastrointestinal infections are associated with an elevated
risk of PD.%8 73 Future studies should seek to determine whether altering intestinal microbiota
(e.g. via probiotics/prebiotics or fecal transplantation) can exert beneficial effects on PD
pathology given that modulation of gut microbiota represents a potential novel strategy for

treating PD.>’

2.2. (Auto)immunity

The role of the immune system in the development of IBD is well established. But also in PD,
although the cause of dopaminergic neuron degeneration remains largely unknown, emerging
evidence suggests that neuroinflammation as well as the peripheral immune system
contribute to PD pathogenesis (extensively reviewed in 7%). Indeed, the brain is no longer
considered an immune-privileged organ, and evidence from animal models and patients
strongly suggests the involvement of the innate and adaptive immune system.’* 7> The
involvement of the adaptive immune system is also implied by the strong association between
SNPs at the HLA locus, which spans at least ten immune-related genes, and the risk of
developing PD.287¢ Infiltrated T-cells have been detected in the substantia nigra of PD patients,
and specific T-cells from PD patients recognize a-synuclein—derived fragments as antigenic

epitopes,’”’ which suggests T-cell activation by a-synuclein and autoimmunity.

Interestingly, a-synuclein can be internalized by lipopolysaccharides (LPS, which are

components of the outer membrane of most gram-negative bacteria)-primed inflammatory



monocytes, favoring dissemination from the periphery toward the brain.”® In addition, PINK1
and Parkin can suppress the presentation of mitochondrial antigens induced by exposure to
LPS.”27° In Pink1”- mice, gram-negative bacteria gut infection triggers an immune response
that results in the production of CD8* T-cells specific for mitochondrial antigens, which is
repressed in wild type mice. In infected Pink17- mice, these autoreactive T-cells are also
present in the brain. Thus, the detrimental effect of PINK1 on PD may be triggered in the gut
and subsequently spread to the brain, which implies that a part of PD pathogenesis may be

related to autoimmunity that is initiated in the gastrointestinal tract.

Emerging evidence points to an important role for LRRK2 in peripheral immune cells. In
humans, LRRK2 is expressed at the highest levels in cells of the myeloid lineage such as
monocytes and dendritic cells. Whether and how LRRK2 can contribute to PD pathology
through its role in peripheral immune responses has yet to be established and was recently
discussed by Cabezudo et al.® Interestingly, there might be a role for LRRK2 in intestinal
inflammation. LRRK2 expression is elevated in intestinal biopsy specimens and dendritic cells
from CD patients.*2 8! Further evidence for a regulatory role for LRRK2 in gut inflammation
comes from studies using Lrrk2 knockout mice, which present with increased neuropeptide
levels accompanied by an increment of IgA levels,®? as well as increased susceptibility to DSS-
induced colitis via enhanced NFAT (nuclear factor of activated T cells) signaling in myeloid
cells.3® Intriguingly, also overexpression of wild-type LRRK2 in mice was shown to increase the
severity of colitis, which was associated with increased NF-kB activation in lamina propria
dendritic cells and proinflammatory cytokine secretion.*? A study using transgenic LRRK2
p.G2019S rats showed that also pathogenic PD-causing LRRK2 variants can affect
inflammatory processes in the gut.®3 Under inflammatory conditions, these rats exhibited
reduced bone marrow myelopoiesis and a dysregulated peripheral myeloid phenotype,
leading to suppressed Th17-cell activity with abnormally high levels of phylum Bacteroidetes
in the intestine.® Such disturbed peripheral immune homeostasis might affect inflammatory
responses in multiple organs, including intestine and brain. Taken together, these data
strongly suggest a role for LRRK2 in peripheral immune cells, although it has yet to be
established to what extent dysregulated periphery immune responses contribute to the

LRRK2-related risk of developing IBD and PD.



2.3. Mitochondria

As vital organelles involved in energy production, mitochondria play key roles in redox
homeostasis, and they undergo fission and fusion in response to changes in metabolism and
oxidative stress. Mitochondrial dysfunction plays a pivotal role in sporadic and familial PD, and
is believed to contribute to neuronal death.®* In particular, the elimination of damaged
mitochondria, collectively called mitophagy, is directly connected to PD pathogenesis given
the central role of PINK1 and Parkin in this cellular process.®> Also LRRK2 is reported to be
involved in mitophagy, although its exact role in this context is still under debate given that

both increased and delayed mitophagy have been attributed to the G2019S variant.®8’

Because maintenance of the epithelial barrier is energy-dependent, mitochondrial
dysfunction is also predicted to contribute to the development and progress of IBD, though
the underlying mechanisms remain unclear. Indeed, hallmarks of mitochondrial dysfunction,
such as oxidative stress and impaired adenosine triphosphate (ATP) production, are observed
in the gut of IBD patients.®® This is consistent with several reports of altered mitochondrial
function in the intestinal epithelium of mouse models of colitis as well as IBD patients.28 8°
Recent studies have linked mitochondrial dysfunction to Paneth cells, which are specialized
epithelial cells in the small intestine that secrete enteric antimicrobial peptides. Dysfunctional

cells can display impaired secretion that can ultimately result in ileitis.?? %!

Mitochondrial dysfunction and dysbiosis of the gut microbiota are closely related. Microbiota
signaling to the mitochondria can alter mitochondrial metabolism, activate immune cells,
induce inflammasome signaling, and alter epithelial barrier function.® Together, these effects
may induce intestinal inflammation, contributing to IBD and PD pathogenesis. Thus, a better
understanding of how abnormalities in mitochondrial dynamics and metabolism within the
intestinal epithelium contribute to disease will improve our overall understanding of the link
between PD and IBD, and may provide mitochondria-based treatment strategies for both

diseases.

2.4. Autophagy and lysosomal function

The observation that Lewy bodies, one of the hallmarks of PD, consist of misfolded protein,
with a-synuclein aggregates as main constituent, strongly implicates autophagic and/or
lysosomal dysfunction in PD pathogenesis. Dysfunction in these pathways is also heavily

involved in IBD, leading to compromised intestinal epithelial barrier function, a disrupted



microbiome, and defective antibacterial peptide secretion.?> Consistent with this, numerous
susceptibility loci in both PD?® and IBD?° have been functionally implicated in autophagy and

lysosome function.

Substantial evidence points to a role for LRRK2 in the autophagic/lysosomal pathway. LRRK2
co-localizes with the autophagic protein microtubule-associated protein 1A/1B-light chain 3
(LC3), phosphorylates the adaptor protein p62 and has been suggested to play a crucial role
in maintaining autophagic equilibrium.8¢92 When it comes to the involvement of LRRK2 in the
gut, LRRK2 expression is found to be high in Paneth cells, which provide host defense against
microbes in the small intestine. LRRK2 deficiency causes specific deprivation of lysozyme in
Paneth cells which rendered LRRK2 knockout mice more susceptible to intestinal infection
with Listeria monocytogenes, with increased bacterial loads in fecal samples and liver,
compared to wild-type mice.”®> The observation that LRRK2 acts downstream of NOD2 in
regulating lysozyme sorting is very relevant in the link between IBD and PD, given that the
NOD?2 locus is strongly associated with IBD, and more recently also with PD risk (Table 3).222°
Moreover, LRRK2 is shown to be a positive regulator of inflammatory cytokine induction in
macrophages through the Nod1/2-Rip2 pathway, which depend on several cellular processes
including autophagy.?®> Through its role in lysosomal function, LRRK2 might contribute to
control intestinal infections, which in turn might be closely related to its effect on microbial
composition in the gut. To what extent this function is related to neurodegeneration, can be
affected by pathogenic PD mutations, or can be altered by LRRK2 kinase inhibition has yet to

be resolved.

V. Conclusion

Although PD and IBD seem very different disorders at first glance, they have important
similarities (Table 1). Both are common and complex chronic diseases with heterogeneous
clinical features and a progressive nature. Because both PD and IBD remain incurable, they
represent significant public health challenges worldwide. A growing body of evidence points
to a link between PD and IBD, highlighting the relevance of chronic inflammation and the gut—
brain axis in the pathogenesis of these two diseases (Figure 2 and Figure 4). Several large
population studies have shown that IBD patients are at substantially higher risk of PD. Given
that PD most often affects the elderly, the number of individuals living with PD rises as

populations age. At the same time, the negligible impact of IBD on mortality leads to



compounding prevalence of IBD, resulting in a rapid rise of IBD in the elderly population. This,

in turn, can result in a higher burden of patients suffering from concomitant IBD and PD.

Given the role of gut inflammation in the pathogenesis of PD, it will be interesting to
determine whether controlling IBD activity can reduce the risk of subsequent development of
PD (Figure 4B). Moreover, a subset of PD patients might be genetically predisposed to gut
inflammation and microbial dysbiosis. In this regard, the identification of risk factors
associated with prodromal phases of PD among IBD patients may allow for early interventions
that could modify or slow down PD progression. On the other hand, knowledge of shared
mechanisms (e.g. TNF) and shared genetic variants (e.g. LRRK2) will shed light on the
complexities of these diseases and facilitate the development of therapeutic strategies. More
practically, pre-existing medications for treatment of IBD could be cautiously repurposed into

PD therapeutics, or vice versa.

Emerging evidence supports the idea of an important link between these two diseases (Box
1). Still, it should be noted that further research will be indispensable to provide definite
evidence for a robust and bona fide association between IBD and PD. A comprehensive
understanding of the relationship between both disorders will require the expertise of
researchers from a wide range of disciplines (neurology, gastroenterology, epidemiology,
molecular biology, genetics, and others); however, given the links between IBD and PD and
the increasing burden associated with both diseases, it is important to answer these questions
in the near future. Collective efforts will accelerate the discovery of novel disease-associated

pathways and ultimately facilitate the identification of potential therapeutic targets.
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Table 1. Differences and commonalities between inflammatory bowel disease and Parkinson’s disease.

Inflammatory bowel disease

Parkinson’s disease

Organ mainly affected

Gut

Brain

Prevalence

Up to 1.3% 949

0.3% %

Peak incidence

15-35 years

Rising with age

Risk factors

Family history, Smoking (CD)

Ageing, Family history, Exposure

to toxins

Typical symptoms

Diarrhea, Abdominal pain and
cramping, Bloody stool,

Unintended weight loss

Tremor, Impaired posture and
balance, Bradykinesia, Muscle
stiffness, Loss of spontaneous

movements

Histologic features

Non caseating granulomas for CD
and cryptitis/crypt abscesses for

uc

Neurodegeneration in the
substantia nigra pars compacta,
Alpha-synuclein positive neuronal

inclusions named Lewy bodies

Treatment

5-ASA (UC), steroids, thiopurine,
Anti-cytokine antibodies (TNF,
IL12/23), anti-integrin antibodies,

Bowel surgery

Dopamine precursors and
agonists, Monoamine oxidase-B

inhibitors, Deep brain stimulation

Shared features

e Common and complex chronic disease

factors
e Progressive nature
e Increasing prevalence

e Global burden of disease

Multifactorial disorder involving genetic and environmental

e Genetic pleiotropy including LRRK2

CD, Crohn's disease; UC, ulcerative colitis; 5-ASA, 5-aminosalicylic acid; TNF, tumor necrosis factor; IL,
interleukin; LRRK2, leucine-rich repeat kinase 2.



Table 2. Epidemiological link between inflammatory bowel disease and Parkinson’s disease based on previous population-based studies.

Incidence
Author Country Period Number of patients | Age ICD code (per 1000 person- aHR/alR/aOR (95%Cl)
years)
Parkinson’s disease risk among patients with inflammatory bowel disease
Lin et al.” Taiwan 2000-2011 | 1BD: 8,373 220 vyears | ICD-9 IBD: 1.7, Control: 1.2 IBD: aHR=1.4 (1.1-1.7)
Control: 33,492 CD:1.8,UC: 1.3 CD: aHR=1.4 (1.1-1.8)
UC: aHR=0.9 (0.5-1.8)
Peter et al 2 USA 2000-2016 | IBD: 144,018 218 years | ICD-9 IBD: 0.7, Control: 0.6 IBD: alR=1.3 (1.1-1.4)
Control: 720,090 CD: 0.6, UC: 0.8 CD: alR=1.3 (1.0-1.5)
UC: alR=1.3 (1.1-1.5)
Weimers et al.® Sweden 2002-2014 | IBD: 39,652 218 years | ICD-7~ICD-10 IBD: 0.4, Control: 0.3 IBD: aHR=0.9 (0.7-1.1)
Control: 396,520 CD:0.3,UC: 0.4 CD: aHR=0.9 (0.6-1.4)
UC: aHR=0.8 (0.6-1.1)
Villumsen et al.1® Denmark 1977-2014 | IBD: 76,477 >15vyears | ICD-8,ICD-10 | IBD: 0.4, Control: 0.2 IBD: aHR=1.2 (1.1-1.4)
Control: 7,548,259
Park et al.1! Korea 2010-2013 | IBD: 38,861 All age ICD-10 IBD: 0.4, Control: 0.2 IBD: aHR=1.9 (1.4-2.4)
Control: 116,583 CD: 0.2, UC: 0.6 CD: aHR=2.2 (1.1-4.5)
UC: aHR=1.9 (1.4-2.5)
Inflammatory bowel disease risk among patients with Parkinson’s disease
Camacho-Soto et al.® | USA 2004-2009 | PD: 89,790 >65 years | ICD-9 NA IBD: aOR=0.9 (0.8-0.9)

Control: 118,095

CD: aOR=0.8 (0.7-0.9)
UC: aOR=0.9 (0.8-1.0)

ICD, international classification of diseases; aHR/alR/aOR, adjusted hazard ratio/adjusted incidence rate/adjusted odds ratio; IBD, inflammatory bowel disease;
CD, Crohn's disease; UC, ulcerative colitis; PD, Parkinson disease; NA, not applicable.




Table 3. The pleiotropic effects of the susceptibility loci by searching for reported genetic associations of inflammatory bowel disease and Parkinson’s disease

by the National Human Genome Research Institute (NHGRI) GWAS Catalog?® (accessed on 22/06/2020).

Locus Disease | SNP* Position Reported gene(s) Number of previously reported SNPs in locus by GWAS
Catalog
1922 IBD rs3180018 155260340 | SLC50A1, DPM3, KRTCAP2, MUC1, MTX1, | 3 (rs4971079%, rs78973538%, rs3180018)
SCAMP3, RUSC1, RXFP4, SSR2, EFNAI,
RP11-201K10.3, TRIMA46, THBS3, GBA,
FAM189B, CLK2, HCN3, PKLR, FDPS,
YY1AP1, DAP3, GONA4L, RIT1, KIAA0907,
UBQLN4, EFNA3, ASH1L, MSTO1, SYT11,
ARHGEF2
PD rs35749011 | 155162560 | GBA 4 (rs12726330, rs35749011, rs76763715, rs2230288)
1923.3 | IBD rs1801274 161509955 | HSPA6, FCGR3A, FCGR3B, FCGR2B, FCGR2A | 5 (rs10800309, rs10800314%, rs618028461, rs1801274,
rs79568124t)
PD rs6658353 161499264 | FCGR2A 1 (rs6658353)
10g22.1 | UC rs2642575 69783412 | COL13A1 1 (rs2642575%)
PD rs17497526 | 69820364 | COL13A1 1 (rs17497526%)
12q12 IBD rs148319899 | 40346421 | SLC2A13, LRRK2, MUC19 7 (rs12422544, rs11175593, rs148319899, rs7313895T,
rs4768236, rs1746662671, rs11564258)

PD rs34637584 | 40340400 | LRRK2 12 (rs10877840%, rs1994090, rs1384236, rs76904798,
rs1491942, rs28903073, rs34637584, rs34778348,
rs190807041, rs117073808, rs141128804, rs1442190)

14931.3 | IBD rs8005161 88006251 | GALC, GPR65 3 (rs55808324, rs8005161, rs11624293t)
PD rs8005172 88006268 | GALC, GPR65 2 (rs8005172, rs979812)
16g12.1 | IBD rs2066844 50712015 | SNX20, NOD2, CYLD, NKD1 10 (rs117372389%, rs2357623%, rs6596, rs17221417,
rs2066844, rs20668451, rs5743289, rs2076756,
rs72796367%, rs2066847/rs5743293°)
PD rs6500328 50702745 | NOD2 1 (rs6500328)

*The most significant SNP within each locus from the largest study. TSNPs reported in the cross-phenotype meta-analysis of immune diseases. $SNPs reported
in the GWAS Catalog?® but not reaching genome-wide significance level (P-value is between 5x10° and 6x107). 5rs5743293 has merged into rs2066847.

Missense/frameshift variants are marked in bold.

SNP, single nucleotide polymorphism; IBD, inflammatory bowel disease; PD, Parkinson disease; UC, ulcerative colitis.




Figure Legends
Figure 1. Publication trends on PubMed (1971-2019). Number of publications in PubMed per
year using keywords [(((Crohn’s disease) OR ulcerative colitis) OR inflammatory bowel disease)

AND Parkinson's disease]. The number of publications in this area of research is increasing

rapidly.



Figure 2. Possible connections between inflammatory bowel disease (IBD) and Parkinson’s

disease (PD).



Figure 3. LRRK2 variants and their association with inflammatory bowel disease and/or
Parkinson’s disease. Variants associated with inflammatory bowel disease are marked with
the bowel symbol, those associated with Parkinson’s disease with the brain symbol. A red
symbol means increased disease risk, blue means decreased disease risk. Consequences of the
functional variants with pleiotropic effects for LRRK2 kinase and GTPase activity, and for LRRK2
state is indicated in the table. CD, Crohn's disease; PD, Parkinson disease.



Figure 4. Schematic overview of the gut-brain axis and how gut inflammation could
contribute to Parkinson’s disease. (A) The gut—brain axis provides bidirectional
communication between the gut microenvironment and the central nervous system, via
projections of the vagal nerve and the peripheral immune system. Gut-derived signals
generated by diet and gut microbiota are known to affect behaviour and mood. Vice versa,
emotional stress and psychological conditions can influence the gut. (B) When gut
inflammation is uncontrolled it can lead to abnormal a-synuclein deposition in the gut, and
subsequent spread of misfolded a-synuclein to the brain. Thus, effective treatment of
inflammatory bowel disease (IBD) might modify the risk of developing Parkinson’s disease (PD).



