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Abstract

The pathogenesis of Parkinson’s disease (PD) involves the accumulation of aggregated α-

synuclein, which has been suggested to begin in the gastrointestinal tract. Here, we determined the 

capacity of the appendix to modify PD risk and influence pathogenesis. In two independent 

epidemiological datasets, involving more than 1.6 million individuals and over 91 million person-

years, we observed that removal of the appendix decades before PD onset was associated with a 

lower risk for PD, particularly for individuals living in rural areas, and delayed the age of PD 

onset. We also found that the healthy human appendix contained intraneuronal α-synuclein 

aggregates and an abundance of PD pathology–associated α-synuclein truncation products that are 

known to accumulate in Lewy bodies, the pathological hallmark of PD. Lysates of human 

appendix tissue induced the rapid cleavage and oligomerization of full-length recombinant α-
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synuclein. Together, we propose that the normal human appendix contains pathogenic forms of α-

synuclein that affect the risk of developing PD.

INTRODUCTION

Parkinson’s disease (PD) is clinically diagnosed on the basis of motor symptoms that result 

from the progressive loss of midbrain dopaminergic neurons of the substantia nigra (1, 2). 

However, it is now recognized that PD is a multisystem disorder involving both motor and 

nonmotor features, involving the central and peripheral nervous system. Gastrointestinal 

(GI) dysfunction is a common nonmotor symptom of PD (3), often preceding the onset of 

motor symptoms by as many as 20 years (4). PD pathology, consisting of aggregated α-

synuclein, has been detected in enteric neurons of the GI tract in patients with PD (5–8). α-

Synuclein aggregates in enteric neurons can occur early in the disease, before motor 

symptom onset, during the prodromal phase of PD (5, 9). Pathogenic accumulation of α-

synuclein in the GI tract not only may contribute to the nonmotor symptoms of PD but also 

has been hypothesized to contribute to PD pathology in the brain (10). Experimental studies 

have shown that misfolded α-synuclein can spread in a prion-like fashion from cell-to-cell, 

triggering the formation of Lewy-like aggregates in neurons (11, 12). A truncal vagotomy, in 

which the vagal nerve connecting the GI tract to the brain is severed, has been associated 

with lower PD risk in some, but not all, epidemiological studies (13–15). Because of the 

early appearance of α-synuclein aggregates in the GI tract of patients with PD (5, 9) and 

their capacity to ascend the vagal nerve to the brain (16, 17), it has been suggested that the 

GI tract could be the origin of PD pathology (10, 18–20).

Aberrant accumulation of α-synuclein in the GI tract occurs in response to toxins and 

bacteria that activate the immune system (19, 21–23). This may signify that GI tract regions 

with regular interactions with environmental pathogens and enhanced immuno-surveillance 

have a greater risk of developing α-synuclein abnormalities involved in PD. In agreement 

with this hypothesis, the appendix was recently shown to contain an abundance of α-

synuclein in prodromal and clinical PD cases, as well as in neurologically intact individuals 

(5, 24). Although the appendix is often considered to be a vestigial organ, its mucosa is rich 

in immune cells, and a primary function of the appendix is to assist the lymphatic system in 

the detection and removal of pathogens (25), as well as to regulate intestinal bacterial 

composition (26). Consequently, the appendix may be prone to accumulating α-synuclein 

pathology that affects PD risk, although this has yet to be investigated in detail.

Pathogenic aggregation of α-synuclein is thought to involve the formation of kinetically 

stable fibrils of β sheet structure that can seed further aggregation (27). The aggregation of 

α-synuclein is a nucleation-dependent process that requires amino acids 61 to 95, referred to 

as the nonamyloid β component (NAC) (28). Truncated α-synuclein at the C terminus 

proximal to the NAC domain enhances nucleation-dependent aggregation (29, 30). 

Truncated α-synuclein proteoforms are found in Lewy bodies (31) and are enriched in the 

PD brain (32). Immune tissues, like the appendix, contain proteases capable of cleaving the 

C terminus of α-synuclein (33–35). However, it is unknown whether GI tract lymphoid 
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tissues, like the appendix, have an enhanced capacity to generate truncated α-synuclein 

amylogenic seeds relevant to PD.

In this study, we investigated the role of the vermiform appendix in PD. We analyzed two 

independent, yet complementary, epidemiological datasets: the nationwide Swedish National 

Patient Registry (SNPR) and the Parkinson’s Progression Markers Initiative (PPMI). The 

SNPR is unique in its magnitude, registering diagnoses in the entire population, covering 

over 91 million person-years. The PPMI data contain detailed information about PD 

diagnosis, age of onset, and other demographic factors, as well as genetic information. 

Analysis of the SNPR showed that an appendectomy was associated with a lower risk of 

developing PD. In addition, in both datasets, we found that an appendectomy occurring 

decades before PD was associated with a delayed age of PD onset/diagnosis. Next, we 

identified an abundance of aggregated α-synuclein in the mucosa and enteric plexuses of the 

healthy human appendix. These aggregates were present at all age groups, including young 

individuals (<20 years of age). Furthermore, the appendix contained soluble oligomeric α-

synuclein and truncated forms of α-synuclein that are prone to rapid aggregation. Truncated 

α-synuclein was present in the healthy appendix but was more abundant in the appendix of 

patients with PD. Thus, our data suggest that the appendix may play a role in PD. The 

presence of pathogenic α-synuclein species in the appendix indicates a mechanism by which 

the appendix may contribute to, and possibly trigger, the development of PD.

RESULTS

Appendectomy is associated with a lower risk of PD

We sought to understand the contribution of the GI tract lymphoid tissue and enteric neurons 

in the vermiform appendix to initiation and progression of PD. We first investigated whether 

removal of the appendix reduces the risk for PD in a large population. Our study examined 

the health records of a total of 1,698,000 individuals followed up to 52 years (91,888,589 

person-years) to determine PD risk among individuals with and without a previous 

appendectomy, using data obtained from the SNPR and Statistics Sweden (SCB; table S1). 

The patient registry contains medical diagnoses and surgical codes for the Swedish 

population starting in 1964, which allowed for this long observation period. We identified a 

total of 551,647 individuals who had an appendectomy. Each of these was matched to two 

control individuals without an appendectomy (matched on the basis of birth year, sex, and 

geographical location). In the follow-up, we identified patients with PD (2252 in total) from 

the first hospitalization discharge or outpatient summary, excluding individuals with 

secondary parkinsonism (i.e., related to neuroleptic medications for schizophrenia) and 

diseases that might cause secondary parkinsonism, such as neurosyphilis.

In individuals who had undergone an appendectomy, the overall risk for PD, as well as the 

age of PD diagnosis, was affected. First, the incidence of PD was lower in the appendectomy 

group compared to control individuals who did not have an appendectomy. PD incidence 

was 1.60 per 100,000 person-years among individuals who had an appendectomy [95% 

confidence interval (CI), 1.46 to 1.75] compared to 1.98 for controls (95% CI, 1.87 to 2.10; 

Fig. 1A). This signifies that the overall risk of developing PD was significantly decreased by 

19.3% in appendectomized individuals compared to the general population (95% CI, 10.4 to 
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27.2%; P < 10−4; Fig. 1A). Second, the cumulative prevalence of PD (total proportion of 

cases) in people who had an appendectomy was also lower by 16.9% relative to the general 

population (95% CI, 9.3 to 24.4%; P < 10−4; Table 1). In total, PD was diagnosed in 1.17 out 

of every 1000 people who had an appendectomy (95% CI, 1.08 to 1.27) compared to 1.4 per 

1000 in the general population (95% CI, 1.34 to 1.47). Third, we examined, among PD 

cases, whether a history of appendectomy was associated with a delayed age at first recorded 

diagnosis of PD. The age of PD diagnosis was, on average, 1.6 years later in individuals who 

had an appendectomy occurring 20 or more years prior than in cases without an 

appendectomy (95% CI, −0.09 to 3.34; P < 0.03; Fig. 1B, Table 1, and table S2). We also 

observed a significant delay in age of PD onset in individuals with an appendectomy 30 or 

more years prior (P < 0.006; table S2), but a limited size in this longer latency group 

precluded further analysis.

Numerous epidemiological studies show that rural living is associated with a higher risk for 

PD, potentially because of the higher exposure to pesticides, which may contribute to the 

development of PD (36, 37). Therefore, we further examined whether the association 

between appendectomy and PD was different between individuals living in rural and urban 

areas of Sweden. We defined a rural area as a municipality containing less than 100,000 

individuals and a population density that is below 200 people/km2. We found that an 

appendectomy had the greatest effect on rural residents. Individuals with an appendectomy 

living in rural areas had a significant 25.4% decrease in the risk of PD (95% CI, 14.1 to 

35.6%; P < 10−4), but there was no benefit of an appendectomy for those dwelling in urban 

areas (P = 0.22; Fig. 1C, Table 1, and table S3). Among rural residents, an appendectomy 20 

years prior was also associated with a significant delay in the age of PD diagnosis (P < 

0.04), but again, no difference was found for urban residents (P = 0.20; Table 1). These 

findings suggest that appendectomy influences environmental risk factors for PD, 

specifically for individuals living in rural environments.

Appendectomy is associated with a delayed age of PD onset

We further examined whether an appendectomy affected PD outcome using a large 

comprehensive clinical PD dataset, the PPMI study. In this dataset, there were 849 PD cases 

who met the rigorous diagnostic criteria for PD in the PPMI study, including DaTscan 

imaging evidence of dopamine deficiency (table S4). Previous medical history was 

ascertained as part of the study enrollment interview, including appendectomy and date of 

surgery. In the primary analysis, we compared the age of PD onset between individuals with 

(n = 54, 6.4% of patients with PD) and without a previous history of appendectomy. We then 

conducted two sensitivity analyses to examine whether our findings were specific to 

appendectomy, by examining the age of PD onset in individuals with a non–GI tract immune 

condition or surgery other than appendectomy. Given that the prodromal phase of PD can be 

decades long (4, 38), we considered the number of years that the appendectomy preceded 

PD onset and chose to focus on people who had undergone appendectomy ≥30 years before 

being diagnosed with PD.

Age of PD onset was significantly delayed, on average, by 3.6 years, in individuals who had 

an appendectomy at least 30 years before disease onset, relative to individuals without this 
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surgery (95% CI, 1.03 to 6.13; P < 0.03; Fig. 2A and table S5). In contrast, the onset of PD 

was not associated with immune conditions that did not involve the GI tract (Fig. 2B and 

table S6), supporting the specific relevance of GI tract lymphoid tissue to PD. Furthermore, 

the delay in PD onset in patients with an appendectomy was not related to the surgical event 

itself, as confirmed by the analysis of cases with other age-matched surgeries (Fig. 2C and 

table S6). Last, once individuals developed PD, the severity of PD symptoms did not differ 

between those who had an appendectomy and those without this surgery, as determined by 

the unified PD rating scale (UPDRS) and the Hoehn and Yahr scale. This suggested that the 

appendix might primarily modify events before clinical onset of symptoms (table S7).

We further explored the interaction of appendix tissue with genetic and environmental PD 

risk factors. For our analysis, we assessed patients with PD with a moderate family history, 

defined as one to two affected family members (parents/siblings), because this group did not 

show an age of onset bias relative to individuals without family history (fig. S1). An 

appendectomy delayed age of PD onset in individuals with a family history of PD (P < 0.01) 

but had no effect in individuals without a family history of PD (fig. S2). Families can share 

both heritable and environmental risk factors for PD. We found that carriers of a common 

mutation relevant to familial PD (in α-synuclein, leucine-rich repeat kinase 2, or β-

glucocerebrosidase) did not benefit from the removal of the appendix (fig. S2). This suggests 

that an appendectomy may be more protective against non-genetic, i.e., environmental, 

causes of PD.

The healthy human appendix contains pathology-associated α-synuclein

We next used immunohistochemistry to determine whether α-synuclein pathology is present 

in the appendix of the general population (n = 48 individuals without PD) (5, 39). We 

pretreated sections of appendix tissue with proteinase K, which digests free physiological α-

synuclein, while leaving aggregated α-synuclein intact (5, 39). We found abundant 

proteinase K–resistant α-synuclein aggregates in the mucosa, submucosal plexuses, 

myenteric plexuses, and nerve fibers of the appendix in nearly all individuals (46 of 48 

subjects examined; Fig. 3A, i to iv, and fig. S3A). We also found punctae immunoreactive 

for phosphorylated α-synuclein, similar to those observed in postmortem PD brain tissue 

(Fig. 3B). The α-synuclein aggregates were equally abundant in normal, acutely inflamed, 

and chronically inflamed appendiceal tissue (table S8) and, surprisingly, were apparent in 

both young (≤20 years old) and older individuals (aged 48 to 84; table S8). Large fibrillar α-

synuclein aggregates are known to be thioflavin S positive, whereas small nonfibrillar 

aggregates (protofibrils) of α-synuclein are thioflavin S negative (40). In the appendix tissue 

samples, we found that the α-synuclein aggregates did not bind to thioflavin S (fig. S3B), 

which is characteristic of smaller, nonfibrillar aggregates (40).

To define the precise localization of α-synuclein aggregates, we used double 

immunolabeling and confocal microscopy (Fig. 3C). In peripherin-immunoreactive neurons, 

aggregated α-synuclein was observed in both perinuclear and nuclear regions and 

occasionally in neurites (Pearson’s coefficient of colocalization for proteinase K– resistant 

α-synuclein and peripherin: 0.31 ± 0.02). In synaptophysin-immunostained sections through 

the appendix, α-synuclein aggregates were colocalized with synaptophysin-positive 
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presynaptic terminals (Pearson’s coefficient of colocalization for proteinase K–resistant α-

synuclein and synaptophysin: 0.64 ± 0.05; Fig. 3C). Therefore, the appendix from people 

not affected by PD was enriched for intraneuronal α-synuclein aggregates that are analogous 

to those seen in the PD brain (39).

The human appendix contains truncated α-synuclein proteoforms

We sought to further characterize α-synuclein proteoforms in the appendix. We used 

surgical samples of healthy human appendix and compared these to PD appendix and 

substantia nigra tissue from healthy individuals and patients with PD. All assays were 

performed in the presence of protease inhibitors and at 4°C that effectively prevented α-

synuclein proteolysis during tissue processing (fig. S4, A and B). We first performed a 

Triton X-100 solubility assay that found a similar abundance of soluble α-synuclein in 

healthy control appendix tissue (n = 5) and PD patient appendix tissue (n = 6; fig. S4, C and 

D). We then enriched for soluble α-synuclein from the appendix by immunoprecipitation 

and compared it to α-synuclein in the substantia nigra for both healthy individuals and 

patients with PD. There were several apparent high–molecular weight (25, 32, 37, 50, 145, 

and 160 kDa) SDS-resistant α-synuclein oligomers in the appendix and substantia nigra 

tissue samples of healthy individuals and patients with PD (n = 4 to 8 individuals per group; 

Fig. 4A). In the appendix, there was an enrichment of a truncated α-synuclein fragment 

(about 10 kDa) when compared to the sub-stantia nigra [12.9and 10.2-fold increase in the 

healthy and PD appendix, respectively; main effect of tissue: F(1,17) = 9.98, P < 0.006; Fig. 

4B]. Truncated α-synuclein was observed in both the healthy and PD appendix. Therefore, 

the appendix contains an abundance of SDS-resistant oligomers and truncated α-synuclein, 

analogous to what is seen accumulating in Lewy bodies in PD (31, 41).

In the PD brain, α-synuclein aggregates are commonly detected in the Triton X-100–

insoluble fraction (42). Therefore, we measured the abundance of α-synuclein in the 

insoluble fraction from the appendix of healthy individuals (n = 8) and patients with PD (n = 

6). We found increased monomeric α-synuclein in the PD appendix relative to the appendix 

of healthy controls [2.1-fold increase in PD; F(1,12) = 5.4, P < 0.04; Fig. 4, C and D, and fig 

S5]. Moreover, we detected higher levels of truncated α-synuclein (10 and 12 kDa) in the 

PD appendix than in the appendix of healthy individuals [4.5-fold increase in PD; F(1,12) = 

12.0, P < 0.005; Fig. 4, C and E, and fig S5]. Therefore, the human appendix contains an 

abundance of insoluble α-synuclein similar to what has been found in the PD brain (42).

α-Synuclein is rapidly cleaved and aggregates in appendix lysates

α-Synuclein proteoforms in the GI tract have been suggested to act as seeds for pathogenic 

aggregation (18, 32). We defined whether α-synuclein from healthy human appendix could 

seed aggregation of recombinant α-synuclein using an in vitro assay. For this, we used a 

shaking assay where we “spiked” tissue lysates with purified full-length human α-synuclein 

and monitored cleavage and aggregation across time by SDS-PAGE. We found full-length α-

synuclein to be both actively cleaved and subsequently aggregated as a function of time 

when appendix lysates were present (Fig. 5, A to C, and fig. S6). SDS-resistant oligomers 

were most abundant 24 and 48 hours after addition of appendix tissue lysate to the 

recombinant α-synuclein (1.8-fold increase in oligomers over 48 hours; P < 0.003). 
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Proteolytic cleavage resulted in at least two apparent α-synuclein truncation products at ~12 

and 10 kDa (4.7-fold increase in cleavage product over 48 hours; P < 0.001). α-Synuclein 

has been suggested to undergo proteolytic cleavage by matrix metalloproteinases, cysteine or 

serine proteases (such as calpain 1, neurosin, and caspase-1), the aspartate protease 

cathepsin D, and, most recently, asparagine endopeptidase (33–35). In the presence of a 

cocktail of inhibitors of all or some of these proteases, we found cleavage to be highly 

limited (fig. S7).

Next, we performed the aggregation assay with tissue lysates from appendix or substantia 

nigra of healthy individuals and patients with PD to define whether α-synuclein cleavage or 

aggregation is influenced by tissue type or disease (Fig. 5, D to F). The healthy appendix 

was found to rapidly accumulate a higher amount of α-synuclein cleavage product than did 

the healthy and PD substantia nigra after 24 and 48 hours (4.2-to 4.5-fold more in the 

healthy appendix at 24 and 48 hours; P < 0.05). The healthy and PD appendix showed an 

accelerated formation of SDS-resistant α-synuclein oligomers relative to the healthy and PD 

substantia nigra (3.1-and 3.9-fold more in the appendix at 24 hours; P < 0.05); levels of 

oligomers in the substantia nigra reached those of the appendix only after 48 hours (Fig. 5, 

D to F). Immunoblotting with an antibody (5G4) that preferentially detected pathological 

aggregates of α-synuclein showed that several α-synuclein species formed (>250 kDa and 

37 to 150 kDa) were conformationally similar to pathological aggregates (Fig. 5D).

The healthy human appendix contains N-and C-terminal truncated α-synuclein

We used a top-down mass spectrometry (TD-MS) approach to identify the α-synuclein 

proteoforms in the healthy human appendix. α-Synuclein immunoprecipitations included a 

cocktail of protease inhibitors (as above) to prevent artifactual proteolysis. The characteristic 

bands of α-synuclein proteoforms in the appendix were confirmed by immunoblotting (Fig. 

6A). Subsequent TD-MS analysis identified 11 α-synuclein proteoforms (Fig. 6, B to D, and 

fig. S8). These included full-length α-synuclein and 10 forms that were truncated at the C 

terminus at amino acids 113/114/115 or 124/125. Several proteoforms were also truncated at 

the N terminus at amino acids 18/19. In all identified proteoforms, the NAC domain was 

intact. Therefore, α-synuclein cleavage products with the aggregation-prone NAC domain 

were prominent in the healthy human appendix.

DISCUSSION

Recent studies have implicated α-synuclein misfolding and the GI tract in the 

etiopathogenesis of idiopathic PD. Here, we established, in two independent epidemiological 

datasets with large sample sizes (a general population of 1.6 million in the SNPR study and 

849 patients with PD in PPMI), that an appendectomy occurring decades before disease 

onset was protective against PD. In the SNPR study, we found that an appendectomy was 

associated with a substantial decrease in the risk for PD and postponed the age of diagnosis. 

In the PPMI study, the age of PD symptom onset was delayed by 3.6 years in individuals 

with an appendectomy. Together, this evidence supports the hypothesis that the appendix 

plays a role in the development or triggering of PD.
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We then analyzed appendix tissue obtained from people not diagnosed with PD who 

underwent routine appendectomies and found that they contained high levels of 

intraneuronal α-synuclein aggregates. The tissue was also rich in truncated forms of α-

synuclein, analogous to those seen in Lewy body pathology in PD. Appendix tissue from 

healthy individuals induced a rapid aggregation of recombinant monomeric α-synuclein in 

vitro. Collectively, our results suggest a model where pathological α-synuclein species, 

which are capable of seeding α-synuclein aggregates, are formed within the appendix. Our 

results signify that the appendix is a reservoir for pathogenic forms of α-synuclein, which 

may contribute to PD initiation and development.

In 2014, Gray et al. (24) reported that α-synuclein is present in the appendiceal mucosa of 

neurologically intact people and suggested that the impact of appendectomy on PD should 

be tested. Subsequent epidemiological studies have yielded conflicting results on the effect 

of an appendectomy on PD risk and age of onset (43–46). Specifically, an initial case-control 

study suggested that appendectomy was associated with a delayed onset of late-onset PD 

(43). However, three subsequent studies largely found a null association with either PD risk 

or age of onset (44–46). Two of these used a similar study design to our SNPR study, i.e., a 

comparison of PD risk between individuals with and without appendectomy using large 

medical record databases. In the Canadian study, Marras et al. (44) reported a higher PD 

incidence within 5 years of appendectomy but not there-after. The authors attributed this 

increase to ascertainment bias and further acknowledged that the study had a relatively short 

follow-up time (up to 17 years) that was inadequate for determining the effects of an 

appendectomy in early life on PD (44). In a Danish registry study, which also largely 

showed a null association, Svensson et al. (46) highlighted the many challenges in 

examining the role of the appendix or appendectomy in PD development. For example, 

because the accumulation of aggregation-prone α-synuclein in the appendix is hypothesized 

to trigger a decades-long PD pathogenic process, epidemiological studies need to carefully 

account for temporal relationships between appendectomy and PD. An appendectomy 

typically occurs in early adulthood, and as a result, a complete ascertainment of 

appendectomy history and adequate length of follow-up are important but challenging in 

many study settings. Furthermore, epidemiological registry studies need to rely on the age at 

first recorded PD diagnosis, which is often delayed relative to the age at PD motor symptom 

onset. Thus, the time lag between onset of motor symptoms and clinical diagnosis of PD 

may lead to an underestimation of the effects of appendectomy on PD. The current study 

faced the same challenges; however, we approached the research question with two 

complementary studies. Our analysis using the SNPR was considerably larger and had a 

longer follow-up period than did previously published studies (43–46). In addition, the 

results were complemented by the PPMI study, which contained carefully collected clinical 

data from well-characterized patients with PD. Overall, the two studies consistently 

indicated that appendectomy in early life may be protective against PD development. 

Further, well-designed epidemiological studies with large sample sizes, long follow-up 

periods, and accurate exposure and outcome assessments should be performed to confirm 

the effect of appendectomy on PD risk and age of onset.

In the SNPR, we had access to data on over 1.6 million individuals who had been followed 

up for up to 52 years (resulting in a total of 91 million person-years). This large population-
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based study (which included 551,647 appendectomized individuals) revealed that there is a 

decreased absolute risk of PD by 19.3% in individuals who have previously had an 

appendectomy. In addition, we found that the age at first hospital diagnosis of PD was 

delayed (by 1.6 years) in people with PD who had undergone appendectomy at least 20 

years prior. Upon further analysis, an appendectomy was protective against PD for 

individuals living in rural areas but not for those in urban communities. In rural areas, PD is 

linked to environmental factors, particularly to the use of pesticides (36, 37, 47). Hence, our 

findings suggest that the involvement of the appendix in the development of PD may be 

modified by environmental risk factors. Together, the evidence from our large population-

based study shows that the appendix affects both the absolute risk of PD and age at PD 

diagnosis. The effect was most pronounced when appendectomy was performed early in 

people living in rural areas, which implies that the appendix could function in the 

mechanisms triggering PD pathology and that the actual trigger could be environmental in 

origin.

In the PPMI study, patients with PD who had an appendectomy decades earlier (≥30 years) 

had an onset of motor symptoms that was, on average, 3.6 years later than patients with PD 

who had not undergone an appendectomy. This association was specific to appendectomy, as 

it was not observed in patients with an age-matched surgery or non-GI immune condition. 

An appendectomy did not delay PD onset in individuals who carried PD mutations in α-

synuclein, leucine-rich repeat kinase 2, or β-glucocerebrosidase. By contrast, patients with 

PD who had family members with PD (a parent or sibling) had a delay in symptom onset 

after an appendectomy. In these individuals, genetic factors may have a role, but given the 

absence of an effect of appendectomy in carriers of PD mutations, a possible explanation is 

that the beneficial effects of an appendectomy may only be apparent in individuals with 

environmental causes of PD. Hence, both the PPMI and SNPR findings tentatively suggest 

that the effect of an appendectomy is most protective in cases where there is an underlying 

environmental trigger of PD.

We detected α-synuclein aggregates in the appendix of young and old people (infants to 84 

years of age), both those diagnosed with PD and those without neurological disease, and in 

individuals with a normal appendix and in individuals with an inflamed appendix (i.e., 

incidental appendectomy and appendectomy due to clinical signs of appendicitis). These α-

synuclein deposits were proteinase K resistant and, in a separate analysis, were 

immunoreactive for α-synuclein phosphorylated at serine 129. We call these α-synuclein 

accumulations aggregates based on their resistance to proteinase K degradation and found 

that they were enriched in nerve terminals of the enteric plexuses of the appendix. Although 

the majority of pathology was associated with neuronal structures, it is possible that 

proteinase K–resistant α-synuclein is also present in other non-neuronal cell types. Enteric 

plexuses in the appendix are innervated by the vagal nerve, which has previously been 

suggested to act as a conduit for the spread of aggregated α-synuclein from the gut to the 

brainstem (10, 48, 49). The initial impetus for this concept came from observations of α-

synuclein aggregates in other parts of the gut of patients with PD (7, 50–52). The concept 

was supported by a recent report that the vermiform appendix contains high levels of total α-

synuclein (24) and a study that discovered phosphorylated and aggregated forms of α-

synuclein in the healthy and PD appendix (5). When we characterized the α-synuclein 
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present in the appendix of healthy people and patients with PD, we invariably found an 

unexpected abundance of truncated α-synuclein forms, exceeding the quantities we observed 

in the substantia nigra of both patients with PD and normal subjects. Thus, a high degree of 

proteolytic turnover of α-synuclein is a likely feature of the appendix. Aberrant proteolytic 

turnover of α-synuclein has been hypothesized to play a role in PD pathogenesis, and 

several proteases that cleave α-synuclein have been identified (33–35). α-Synuclein 

truncation products are enriched in Lewy bodies (53–55) and can serve as potent seeds for 

further α-synuclein aggregation in experimental model systems (56). Thus, the appendix is 

rich in α-synuclein proteoforms relevant to PD.

When we added lysates of appendix tissue to recombinant α-synuclein monomers in vitro, 

we found that small oligomers (<250 kDa; i.e., not full-length fibrils) and cleavage products 

formed rapidly. We also determined that the cleavage products in the human appendix were 

a combination of N-and C-terminal truncations. 03B1-Synuclein truncation products 

identified in the appendix contained an intact NAC domain, which is necessary and 

sufficient for α-synuclein aggregation (27, 28). Because truncation at the C and N termini of 

α-synuclein enhances aggregation kinetics of α-synuclein in vitro and in vivo (30, 32, 56), 

their abundance in the appendix would likely make this tissue prone to PD pathology. 

Further-more, proteoforms lacking the membrane-binding and -stabilizing N terminus may 

have greater propensity to travel within and potentially across neurons (57, 58). α-Synuclein 

cleavage fragments in the appendix may also exacerbate the formation of other pathogenic 

conformers (32, 56, 59). We found that in appendix tissue lysates, the formation of α-

synuclein cleavage products closely paralleled the production of oligomers. Accumulating 

evidence supports that oligomeric α-synuclein spreads more efficiently across neurons than 

do higher-order molecular fibril assemblies (60, 61). Furthermore, retrograde transport of 

oligomers from gut to brain via the vagal nerve has been demonstrated in rodents in vivo 

(16). Thus, the proteolytic turnover of α-synuclein in the appendix might be important in 

generating protein conformers that are readily able to undergo axonal transport to the 

brainstem.

There are some limitations to our study. Although we show that the vermiform appendix is 

abundant in pathological forms of α-synuclein, we do not present data from other peripheral 

tissues, so it is unclear whether other GI tissues rich in immune cells, besides the appendix, 

also contain pathological α-synuclein. Regardless, appendectomy alone affected PD risk and 

age of onset, and therefore, this tissue contributes to PD, even if the effect is not wholly 

unique to the vermiform appendix. Another limitation is that the genetic screening of 

patients in the PPMI dataset did not include all known PD risk alleles, and therefore, it is 

plausible that undetermined genetic risk factors play a role in modulating the risk associated 

with appendectomy.

In addition, the two epidemiological datasets used in this study have different, but 

complementary, strengths and limitations. The SNPR study is nationwide and has the 

strengths of accurate appendectomy hospital admission data and a large number of PD cases 

and controls to examine association of appendectomy and the risk for PD. Although a large 

epidemiological registry study, the SNPR study has limitations in PD diagnosis accuracy. An 

earlier study comparing diagnoses identified from the SNPR with clinical evaluations 
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demonstrated a 70.8% accuracy in PD diagnosis (62). Further, the date of PD identification 

depended on hospitalization and clinical visits, which may have occurred later than the 

clinical symptom onset of PD (62). By contrast, in the PPMI, PD diagnosis is robust with 

detailed clinical examinations and DaTscan evidence, and its age at onset information is 

likely reliable (63). However, the PPMI participants represent a select group of patients with 

PD who are committed to multiple comprehensive clinical examinations, neuro-imaging, 

and longitudinal follow-ups, and the diagnostic accuracy is likely higher than among patients 

with late-onset sporadic PD. Also, in the PPMI, appendectomy surgery is based on patient 

recollection. Although this can be viewed as a limitation, emergency room visits or hospital 

inpatient admissions (as would be required for an appendectomy) have been shown to be 

highly reliable in self-reporting versus administrative data comparisons (>90%) (64), 

probably in part due to the characteristic surgical scar left by the operation. As early disease 

stage (<2 years) is an inclusion criterion for patients with de novo PD in the PPMI, we 

expect that most patients with PD would have sufficient cognitive integrity to reliably recall 

this information. In support of this, the average age of appendectomy (22.07 ± 0.28) and 

appendectomy prevalence (6.4%) in the PPMI cohort are in agreement with the reported 

average age for an appendectomy (21 to 30 years old) and lifetime risk of appendicitis (6 to 

9%) in the general population (65–71). Overall, consistent findings from two independent 

populations lend support for a potential protective role of appendectomy in PD.

GI symptoms are a salient feature of prodromal PD, which may coincide with the 

development of α-synuclein pathology in the gut. However, reports concerning the 

distribution and prevalence of α-synuclein pathology throughout gut tissues have been 

conflicting (72). A neuropathological study of 92 autopsy cases failed to find α-synuclein 

pathology in the gut in the absence of central nervous system (CNS) pathology (50, 72), 

although such prior studies did not examine the appendix. Here, we show an abundance of 

α-synuclein aggregates in the vermiform appendix of healthy individuals across a wide 

range of chronological ages. Our findings demonstrate that α-synuclein aggregates are 

present in the appendix of healthy individuals (including young people under 20 years old) 

who presumably lack CNS pathology. This signifies that α-synuclein aggregation in the 

appendix is a common phenomenon (much more common than PD) and therefore is not 

likely to be implicitly disease causing. Rather, it suggests that other biological processes that 

suppress the spread of α-synuclein aggregates or are responsible for the clearance of α-

synuclein aggregates in the appendix may be crucial determinants in PD development. 

Hence, the abundance of α-synuclein aggregates in the healthy appendix signifies that, in 

certain individuals, there might be a “secondary hit” that aids in the accumulation and 

uninhibited spread of α-synuclein from the gut to the brain, eventually causing PD. In 

addition, removal of the appendix may reduce GI tract inflammation and thereby reduce 

systemic inflammatory cytokines, which contribute to PD as recent studies show (73–75).

Therapeutic strategies preventing the pathological accumulation of α-synuclein have been a 

major focus of researchers (76, 77). Unfortunately, the molecular details that precede 

pathological aggregation in vivo have remained elusive, which subsequently impedes the 

development of effective therapeutics. Data here suggest that the proteolytic cleavage of α-

synuclein in the gut may be a viable target for therapeutics. Selective protease inhibitors, 

specifically for metalloproteases, have been developed and have undergone U.S. Food and 
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Drug Administration testing for the treatment of cancer (78). Repurposing of these drugs to 

target the proteolytic cleavage of α-synuclein may be an effective strategy for the treatment 

or even prevention of PD. Furthermore, a key therapeutic solution may be to slow or prevent 

the spread of pathological forms of α-synuclein from the appendix through retrograde 

neuronal transportation to the CNS. Activation of the immune system, by noninfectious or 

infectious factors, can modulate PD pathology through the rate of accumulation and 

transportation of the α-synuclein aggregates (23, 79, 80). Thus, factors affecting the gut 

inflammatory and microbial environment, such as altering the gut microbiome (81), might 

serve to slow the pathological process, although this has yet to be tested.

How can one envision the contribution of the appendix to the pathology of PD? The simplest 

explanation would be as a source of seeding-competent aggregates of full-length or 

truncated α-synuclein, and that these α-synuclein conformers can migrate into the CNS via 

the vagal nerve (fig. S9). Previous studies have shown that a truncal vagotomy is associated 

with a reduced subsequent risk of developing PD (13), and in animal models, the vagal nerve 

has been demonstrated to transport misfolded α-synuclein to the brainstem (16). By analogy, 

if the appendix constitutes a prominent source of misfolded α-synuclein that is transmitted 

along the vagal nerve, then the propagation of α-synuclein aggregates would be inhibited 

after appendectomy. We consistently found α-synuclein aggregates in the appendix from 

people not affected by PD, even at young ages (≤20 years old), and earlier work has shown 

that α-synuclein upregulation can occur in the intestinal wall of children (23). On the basis 

of these observations, one could predict that the effect of appendectomy on PD pathogenesis 

would be maximally protective the earlier the appendectomy occurred, and this is what we 

observed in our epidemiological data. It is conceivable that transport of α-synuclein could 

still occur through vagal afferents from other parts of the GI tract, but in lower quantities due 

to the abolished source of input from the appendix. One could further speculate that the 

appendix may be a site of initiation in PD cases with early GI tract abnormalities, whereas 

PD without prevalent prodromal GI tract issues may originate in other tissue regions, such as 

the olfactory bulb (82, 83). Future studies should examine whether the PD subgroup with 

prodromal GI tract dysfunction is protected against PD by an appendectomy.

Given recent evidence linking gut inflammation to PD (23, 73, 74) and the role of the 

appendix in immunosurveillance and microbiome regulation (25, 26), it is possible that the 

appendix contributes to PD via inflammation and microbiome alterations. Given that the 

appendix is responsible for monitoring and repopulating the microbiome in the small and 

large intestine (26), any subclinical inflammation in the appendix may signify the presence 

of proinflammatory bacteria, which would then be dispersed throughout the intestine. 

Studies in germ-free mice have also shown that the PD microbiome can release metabolites 

(short-chain fatty acids) that promote microglial activation in the brain and PD-like 

symptoms (19). If the appendix were to house bacteria that release metabolites promoting 

inflammation in the brain, this may also increase the risk of developing PD.

In sum, our study shows that the appendix is a rich, lifelong source of misfolded α-

synuclein, and early removal of the appendix is associated with a reduced risk of developing 

PD. Compounds that limit aberrant α-synuclein cleavage and accumulation in the appendix 

and other GI tract lymphoid tissue may be a potential therapeutic strategy for PD.
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MATERIALS AND METHODS

Study design

This study was designed to investigate whether the appendix contributes to PD risk. We first 

conducted two complementary epidemiological studies. The first epidemiological study 

involved a large administrative database, the SNPR, and contained 1.6 million individuals 

with up to a 52-year follow-up period. The second epidemiological study used PPMI data 

that involved patients with PD who were clinically well characterized. Next, we conducted 

immunohistochemical investigations of appendix tissue from the general population. We 

examined the pathology associated with PD, aggregated α-synuclein, and its cellular 

localization. Last, we performed biochemical assays, along with TD-MS, to characterize the 

α-synuclein proteoforms in the appendix. Biochemical assays were also used to determine 

the propensity for α-synuclein aggregation in the appendix relative to that of substantia 

nigra, examining tissues from both healthy individuals and patients with PD.

For all experiments, no statistical methods were used to predetermine sample size. The study 

parameters for the nationwide SNPR study and the PPMI dataset are detailed below. For 

immunohistochemistry studies, experimenters were blinded during sample processing and 

scoring. The blinding process involved a third party sectioning, mounting, and assigning 

randomized tissues a unique serial number. For all biochemical assays, quantitative measures 

were done using software and normalized to loading controls by experimenters blind to 

assay outcome until after statistical analysis performed by two independent investigators. 

The number of experimental replicates is specified within each figure legend and elaborated 

for specific experiments in Results.

Epidemiological study in a general population

The SNPR has been collecting information on the diseases and surgical treatments of 

individuals living in Sweden since 1964 (84). The SNPR has records on hospital discharge 

diagnoses coded according to the Swedish Revisions of the International Classification of 

Diseases (ICD) from 1964, and outpatient diagnoses were added to the registry from 2001 

(84). There are more than 50 million inpatient and outpatient discharges in the SNPR. Using 

this dataset, we identified all individuals who had had an appendectomy from 1964 to 2015 

(ICD codes: JEA00, JEA01, JEA10, 4510, 4511, 0058, and 0059). For each individual, we 

obtained the following information: surgical procedure, year of birth, year of surgical 

procedure, sex, geographic location (municipality), and, when applicable, date and cause of 

death. In addition, each individual who had an appendectomy was matched to two controls 

who did not have this procedure. Control individuals were identified by SCB and matched to 

appendectomized individuals on the basis of year of birth, sex, and geographic area 

(municipality). Control individuals were confirmed to have no history of appendectomy by 

the SNPR. When applicable, date and cause of death were provided for controls.

For both appendectomy individuals and matched controls, SNPR gathered information on 

PD diagnosis (codes for ICD-7: 350.99; ICD-8: 342; ICD-9: 332A; ICD-10: G20). We 

defined PD cases as individuals with a primary or secondary diagnosis of PD in the SNPR. 

Age of PD hospital diagnosis was defined as the date of first-ever hospital admission or 
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outpatient record. Control individuals and individuals who underwent appendectomy were 

followed up until their first diagnosis of PD disease, date of death, or 31 December 2015, 

whichever came first. We also identified and excluded individuals with the following 

confounding conditions: secondary PD, schizophrenia (in which medications can cause 

secondary parkinsonism), and degenerative brain diseases that can involve secondary 

parkinsonism, such as olivopontocerebellar atrophy and cerebral syphilis [codes for ICD-7: 

25.99, 26, 300.99, and 355; ICD-8: 66, 94.1, 94.9, 94.91, 94.98, 295 to 295.99, 342.08, and 

342.09; ICD-9: 094X, 295(A to X), 331X, 332B, 333, and 333A; ICD-10: G21; G22, G23, 

A52.1, and F20 to F20.9]. Furthermore, we identified individuals with ulcerative colitis 

(codes for ICD-7: 57220 and 57221; ICD-8: 56310 and 56902; ICD-9: 556X; ICD-10: 

K51.0) or Alzheimer’s disease (codes for ICD-7: 305; ICD-8: 290.1; ICD-9: 290B; ICD-10: 

G30-G30.9) to verify that these conditions would not affect our results. Validation analysis 

of SNPR hospital discharge diagnoses of PD against detailed clinical diagnoses has shown a 

positive predictive value of 70.8% and a sensitivity of 72.7% (62). In addition, the SNPR has 

a high sensitivity for surgical procedures (>90%) (85). All data obtained from the SNPR and 

SCB were de-identified, and the data request and analysis were approved by the Lund 

University ethical review board (reference no. 2016/8).

To determine whether prevalence of PD differed in individuals who had an appendectomy 

versus those who did not, logistic regression adjusted for sex and urban/rural municipality 

was used. To determine whether the incidence of PD differed in Swedish persons who had 

an appendectomy versus those who did not, Poisson regression with person-years as an 

offset, adjusted for sex and urban/ rural municipality, was used. Person-years were 

calculated as the number of years between birth and PD diagnosis, death, or end of 

observational period (31 December 2015), whichever came first. To determine whether the 

age of PD diagnosis differed between Swedish persons who had an appendectomy versus 

those who did not, the two samples were matched on sex, urban/rural dweller, and birth year 

using the genetic matching algorithm in the R package “Matchit,” which calculates weights 

that optimally balance the covariates (86). On the basis of the matching, a weighted Cox 

proportional hazards regression, adjusted for urban/rural dweller and sex, was fit. The above 

survival analysis was performed restricting the number of years between the appendectomy 

and PD diagnosis to >0 and ≥20 years. An individual was identified as a rural dweller if he 

or she resided in a municipality with a population of less than 100,000 and a density of less 

than 200 people/km2 (87). We also excluded immigrants and emigrants from our analysis (n 
= 37,913), and a sensitivity analysis was performed confirming that the inclusion of 

immigrants and emigrants did not change the study results. In the study, there were 3002 

individuals with ulcerative colitis (of whom 16 had PD) and 551 individuals with 

Alzheimer’s disease (of whom 12 had PD). A sensitivity analysis verified that exclusion of 

individuals with ulcerative colitis or Alzheimer’s disease did not change the results. Last, a 

parametric survival regression with an assumed extreme value distribution (distribution was 

chosen on the basis of minimization of the Akaike information criterion) and adjusted for 

sex and urban/rural dweller showed results consistent with the Cox model, confirming that 

the results were not sensitive to the proportional hazards assumption (88). All analyses were 

performed in R v. 3.3.0 (www.r-project.org/), and survival analyses were performed using 
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the “survival” package (89). All P values were calculated via a two-sided likelihood ratio 

test. Reported survival times are the restricted means (90).

Epidemiological analysis of the PPMI dataset

PPMI is a large, international, multicenter study designed to identify biomarkers of PD 

progression (www.ppmi-info.org/study-design/). Detailed descriptions of the study have 

been published elsewhere (63). All patients were recruited via clinics specialized in 

neurology and movement disorders. PPMI data are publicly available and we downloaded 

data for this analysis on 24 March 2017 from its website, including demographic 

information, clinical characteristics, medical history, family history, genetic testing results, 

and outcomes of clinical tests. The data included 849 patients with PD. Of these patients, 

478 were originally recruited for a de novo PD participant group who met the following 

inclusion criteria: aged 30 years or older; diagnosis of PD based on the presence of (i) 

asymmetrical resting tremor, (ii) asymmetrical bradykinesia, or (iii) at least two of the 

following: resting tremor, bradykinesia, and rigidity; disease duration of ≤24 months; Hoehn 

and Yahr stage of 1 to 2; and presence of striatal dopamine transporter deficit on 123I-

ioflupane SPECT imaging (DaTscan) (63). In addition, we included patients with PD in the 

PPMI genetic cohort (n = 190) and genetic registry (n = 181), both of which have patients 

with a mutation in LRRK2, GBA, or SNCA. Patients with PD from the de novo and genetic 

groups were equivalent in age of appendectomy, age of PD onset, sex, and ethnicity (table 

S9). A detailed medical history (including appendectomy and age of surgery) was provided 

by patients as part of the enrollment interview for PPMI. PD age of onset refers to the age of 

first motor symptom onset.

In the PPMI dataset, we identified individuals who had an appendectomy, non-GI immune 

disorder (defined as an individual who had allergies, eczema, asthma, anemia, 

hyperthyroidism, fibromyalgia, Graves’ disease, or Hashimoto’s disease), or other surgery 

(individuals who had a surgery or resection other than LASIK and never had an 

appendectomy or tonsillectomy). Individuals who had multiple surgeries or immune 

conditions, or both, were classified on the basis of the first diagnosis. A sensitivity analysis 

excluding individuals who fit into both groups confirmed that results were not changed by 

this classification. The appendectomy, non-GI immune conditions, other surgery, and no 

immune conditions/surgery were non-overlapping sample groups. Family history was 

defined as having one to two parents, siblings, or half-siblings with PD. Individuals with 

more than two relatives were excluded, as only the no-appendectomy group had individuals 

with more than two relatives and there was evidence that these individuals biased effects 

away from the null (fig. S1). We also excluded 14 patients with PD who had an unspecified 

ethnicity and three appendectomy cases who had appendectomy after PD onset (a total of 19 

excluded samples from n = 849).

Lognormal parametric survival regression, stratified by having an appendectomy more than 

0, 10, 20, and 30 years before PD onset and adjusted for age, sex, ethnicity (white and 

nonwhite), number of education years, family history, and PD mutation status (known 

mutation/no known mutation), was used to determine whether having an appendectomy was 

significantly associated with delayed PD onset at α = 0.05 significance level. Individuals 
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with a non-GI immune condition or surgery not involving the appendix served as negative 

controls for these analyses. To infer whether PD onset was delayed by an appendectomy, and 

not by an imbalance in covariates or by the age at which procedures/diagnoses occurred, 

individuals who had an appendectomy were matched with individuals with another surgery 

or immune condition separately, based on procedure age, sex, ethnicity, number of years of 

education, family history, and mutation status using the R package Matchit as described 

above. A weighted Cox proportional hazards model, adjusted for the same covariates as 

above, was then fit to assess whether the hazard ratio differed significantly from 1. A 

lognormal survival regression, adjusted for the same covariates, was also fit to assess 

sensitivity of the results to the proportional hazards assumption. Matched individuals with a 

non–GI tract immune condition or other surgery were then compared to the no-condition/

surgery group to verify the effect that only occurs in individuals who had an appendectomy 

and does not occur in an unrelated disorder or surgery. To test whether there were any 

reported differences in the UPDRS or Hoehn and Yahr scores for individuals who had had 

an appendectomy versus those who did not, a proportional odds logistic regression using the 

R package “MASS” (91), adjusted for sex, ethnicity, number of education years, family 

history, and mutation status, was fit to each outcome. The P values for the estimated effect 

an appendectomy had on each outcome were then false discovery rate corrected to adjust for 

multiple testing. Furthermore, a sensitivity analysis that included only patients with de novo 

PD showed that the results did not change (table S10). We confirmed that clinic site did not 

bias the results using a frailty model with clinic site as a random effect. All analyses were 

performed in R.

Statistical analyses

For the immunohistochemistry assays, statistical analyses were performed using R v. 3.3.0. 

A logit mixed-effects regression was used for the analysis of aggregated α-synuclein 

staining in young versus old and normal versus inflamed appendix. Pearson’s correlations 

were determined to assess the cellular colocalization of α-synuclein aggregates. 

Biochemical assays were analyzed using Statistica v. 13.3. We used a one-way, two-way, or 

repeated-measures ANOVA with the appropriate between-subjects (diagnosis and tissue) or 

within-subjects (time) factors. Significant main effects were followed by Tukey’s honest 

significant difference post hoc comparisons. Statistical significance was P < 0.05 and 

denoted by *P < 0.05, **P < 0.01, or ***P < 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. An appendectomy reduces the risk of PD in a general population.
Data from the SNPR involving 1,698,000 individuals. (A) Cumulative incidence plot 

showing the rate of PD diagnosis in individuals who previously had an appendectomy and 

matched nonappendectomized controls. Incidence rate (PD cases per 100,000 person-years) 

in appendectomized individuals (n = 551,003 without PD, n = 644 with PD) was 1.60 (95% 

CI, 1.46 to 1.75); in the general population (n = 1,144,745 without PD, n = 1608 with PD), 

the PD incidence rate was 1.98 (95% CI, 1.87 to 2.10). (B) Age at PD diagnosis in 

individuals who had an appendectomy 20 or more years prior relative to 
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nonappendectomized controls. n = 101 patients with PD with an appendectomy and n = 658 

patients with PD without this surgery; hazard ratio, 0.793 (95% CI, 0.642 to 0.980). (C) 

Cumulative incidence plot showing the rate of PD diagnosis in appendectomized and 

nonappendectomized individuals living in rural or urban regions of Sweden. Incidence rate 

(PD cases per 100,000 person-years) in appendectomized individuals in the rural population: 

1.49 (95% CI, 1.31 to 1.68); in appendectomized individuals in the urban population: 1.77 

(95% CI, 1.55 to 2.02); in the general rural population: 2.00 (95% CI, 1.87 to 2.15); in the 

general urban population: 1.97 (95% CI, 1.79 to 2.16).
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Fig. 2. Epidemiological analysis of PPMI data shows that an appendectomy delays the age of PD 
onset.
(A) Age of PD onset in patients who had an appendectomy 30 or more years prior relative to 

that of nonappendectomized patients. n = 39 patients with PD with an appendectomy (mean 

PD age of onset, 62.6; 95% CI, 60.1 to 65.0) and n = 780 PD controls without this procedure 

(mean age of PD onset, 59.0; 95% CI, 58.2 to 59.7). (B and C) PD age of onset in patients 

with PD with an immune condition that does not involve the GI tract (B) or a surgery that is 

not appendectomy (C). Patients with PD were matched on the basis of age of condition/

surgery (i.e., age of appendectomy, non-GI immune condition diagnosis, and age of other 

surgery), sex, ethnicity, number of education years, family history, and mutation status. The 

effect of appendectomy, non-GI immune conditions, or other surgery occurring 30 or more 

years before PD was examined. Top panels show the age of PD onset in non-GI immune 

conditions or other surgeries compared to patients with PD without such conditions/other 

surgeries. Bottom panels show age of PD onset in patients who had an appendectomy 

relative to patients with non-GI immune conditions or other surgeries. Mean age of PD onset 

for the appendectomy group (n = 39), the non–GI tract immune condition group (n = 39), the 
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other surgery group (n = 22), and the no-condition/surgery group (n = 366) is 62.6 (95% CI, 

60.1 to 65.0), 58.6 (95% CI, 55.7 to 61.5), 57.7 (95% CI, 55.4 to 59.9), and 58.0 (95% CI, 

56.8 to 59.2), respectively. n.s., not significant.
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Fig. 3. α-Synuclein pathology is prevalent in the healthy human appendix.
(A) Proteinase K–resistant α-synuclein (red) in the appendix of healthy individuals. 

Hematoxylin was used as a nuclear counterstain (purple). Tissue distribution of proteinase 

K–resistant α-synuclein aggregates in a representative cross section of human appendix (i 

and ii), in the muscularis externa (iii), and mucosa of the appendix (iv). Scale bars, 2 mm (i), 

250 µm (ii), and 100 µm (iii and iv). (B) Phosphorylated α-synuclein in the human appendix. 

Sections were probed for α-synuclein phosphorylated at serine 129 (pSer129) using 

antibody AB51253 and detected with peroxidase-conjugated antibodies. Top panels depict 

plexus containing pSer129 puncta (arrows). Bottom panels depict pSer129 staining in the 

cingulate cortex in PD patient brain tissue. Scale bars, 50 µm (left) and 10 µm (right). (C) 

Cellular localization of human α-synuclein aggregates. Proteinase K–digested tissue 

sections were probed with antibodies against peripherin (top panels, green) or synaptophysin 

(bottom panels, green). Sections were also probed for proteinase K–resistant α-synuclein 

(red) and 4′,6-diamidino-2-phenylindole (DAPI) stain (blue). Sections were imaged by 

confocal microscopy. Depicted are orthogonal projections for each emission channel 

individually and with all channels merged in the last panel. Fluorescent signal in the z axis is 

depicted for the area of interest (crosshairs). All images are representative of staining done 

on n ≥ 9 individuals. Scale bars, 25 µm.
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Fig. 4. The appendix contains an abundance of truncated α-synuclein proteoforms.
(A) Representative blot showing immunoprecipitation of α-synuclein from the Triton 

X-100–soluble fraction of substantia nigra (SN) and appendix of control individuals (C) and 

patients with PD (PD). α-Synuclein immunoprecipitation (IP), 20 µg of protein of the Triton 

X-100–soluble fraction (input), and 20 µg of protein of the remaining sample after 

immunoprecipitation (FT) were resolved on SDS–polyacrylamide gel electrophoresis 

(PAGE) and immunoblotted with the anti–α-synuclein antibody SYN1 (clone 42/α-

synuclein). Low and high exposure included to show all immuno-reactive proteoforms. 

HMW, high molecular weight. (B) Densitometric analysis showing the ratio of α-synuclein 

cleavage product to monomer in the Triton X-100–soluble fraction. n = 8 healthy control 

appendix, n = 5 PD appendix, n = 4 healthy control substantia nigra, n = 4 PD substantia 

nigra. (C) Blot showing Triton X-100–insoluble fractions from appendix tissues. Triton 

X-100–insoluble fractions were extracted with 8 M urea and blotted using an antibody 

against α-synuclein (MJFR1). The relative abundance of (D) monomeric and (E) cleaved α-

synuclein was determined by densitometric analysis. α-Synuclein immunoreactivity was 

normalized to in-gel protein abundance as measured by Coomassie blue staining. Data are 

representative of n = 8 healthy controls and n = 6 patients with PD. Red arrows highlight the 

position of cleavage product. *P < 0.05, **P < 0.01 by one-way or two-way analysis of 

variance (ANOVA).
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Fig. 5. Rapid cleavage and aggregation of α-synuclein in the human appendix.
Triton X-100–soluble appendix lysates were combined with purified, full-length 

recombinant human α-synuclein and then vigorously shaken for up to 48 hours. α-Synuclein 

proteoforms were detected on SDS-PAGE by immunoblotting with MJFR1 antibody. (A to 

C) The formation of α-synuclein cleavage products and oligomers over a 48-hour time 

course. Representative blot (A) and densitometric analysis of cleavage products (B) and 

oligomers (C), n = 4 healthy appendix samples. (D to F) Time course using tissue lysate 

from appendix (AP) and substantia nigra (SN) from healthy individuals (C) and patients 

with PD. (D) Representative blots of shaking assay performed with purified α-synuclein 

combined with appendix or substantia nigra lysates. Left blot probed with anti-α-synuclein 

antibody (MJFR1); right blot probed with α-synuclein aggregate-preferring antibody (5G4). 

Time scale is 0, 24, and 48 hours. Densitometric analysis of cleavage products (E) and 

oligomers (F), n = 3 to 4 samples per group. Repeated-measures ANOVA for cleavage 

products showed a main effect of time [F(2,36) = 5.0, P < 0.05] and tissue [F(1,36) = 31.6, P 
< 10−5]; repeated-measures ANOVA for oligomers showed a main effect of time [F(2,30) = 

30.0, P < 10−7] and tissue [F(1,30) = 9.3, P < 0.005]. *P < 0.05, **P < 0.01 by post hoc 

Tukey test.

Killinger et al. Page 29

Sci Transl Med. Author manuscript; available in PMC 2019 October 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. Identification of α-synuclein truncation products in the human appendix using TD-MS.
(A) Blot showing α-synuclein immunoprecipitated from the healthy human appendix. (B) 

Graphical representation of the α-synuclein proteoforms identified by TD-MS. Analysis of 

the TD-MS fragmentation data by TDPortal identified 11 α-synuclein proteoforms present 

in the human appendix (n = 1 individual), corresponding to full-length α-synuclein and 10 

α-synuclein truncation products. α-Synuclein proteoforms in the appendix are depicted with 

the amino acid start and end position marked. (C) MS spectrum shows full-length α-

synuclein (marked with “*”) in addition to truncation products. m/z, mass/charge ratio. (D) 

Deconvoluted spectrum showing relative abundance of the α-synuclein proteoforms in the 

human appendix and their respective protein masses.

Killinger et al. Page 30

Sci Transl Med. Author manuscript; available in PMC 2019 October 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Killinger et al. Page 31

Ta
b

le
 1

.

Su
m

m
ar

y 
of

 d
at

a 
fr

om
 th

e 
SN

PR
 a

nd
 S

C
B

 f
or

 in
di

vi
du

al
s 

w
ith

 o
r 

w
ith

ou
t a

n 
ap

pe
nd

ec
to

m
y.

P
re

va
le

nc
e 

of
 P

D
 in

 t
he

 g
en

er
al

 p
op

ul
at

io
n

N
o 

P
D

 d
ia

gn
os

is
, n

P
D

 d
ia

gn
os

is
, n

R
eg

re
ss

io
n 

co
ef

fi
ci

en
t

O
dd

s 
ra

ti
o 

(9
5%

 C
I)

P

A
ll

A
pp

en
de

ct
om

y
55

1,
00

3
64

4
−

0.
18

 ±
 0

.0
5

0.
83

1 
(0

.7
56

–0
.9

07
)

8.
1 

× 
10

−5

C
on

tr
ol

s
1,

14
4,

74
5

16
08

R
ur

al
A

pp
en

de
ct

om
y

34
2,

20
9

37
3

−
0.

26
 ±

 0
.0

6
0.

76
9 

(0
.6

81
–0

.8
67

)
1.

5 
× 

10
−5

C
on

tr
ol

s
70

3,
07

5
99

7

U
rb

an
A

pp
en

de
ct

om
y

20
8,

79
4

27
1

−
0.

06
 ±

 0
.0

7
0.

93
9 

(0
.8

17
–1

.0
82

)
0.

38
3

C
on

tr
ol

s
44

1,
67

0
61

1

A
ge

 a
t 

P
D

 d
ia

gn
os

is
D

ia
gn

os
is

 a
ge

 (
ye

ar
s)

*
H

az
ar

d 
ra

ti
o 

(9
5%

 C
I)

A
pp

en
de

ct
om

y 
>

0 
ye

ar
s 

be
fo

re
 P

D

A
ll

A
pp

en
de

ct
om

y
47

9
74

.9
3 

±
 0

.5
1

0.
99

0 
(0

.8
90

–1
.1

01
)

0.
85

1

C
on

tr
ol

s
11

76
74

.9
0 

±
 0

.3
1

R
ur

al
A

pp
en

de
ct

om
y

27
7

75
.0

9 
±

 0
.6

0
0.

98
9 

(0
.8

60
–1

.1
38

)
0.

87
7

C
on

tr
ol

s
68

6
74

.5
3 

±
 0

.4
1

U
rb

an
A

pp
en

de
ct

om
y

20
2

74
.7

1 
±

 0
.8

8
0.

96
5 

(0
.8

18
–1

.1
37

)
0.

66
6

C
on

tr
ol

s
49

0
75

.4
2 

±
 0

.4
7

A
pp

en
de

ct
om

y 
≥2

0 
ye

ar
s 

be
fo

re
 P

D

A
ll

A
pp

en
de

ct
om

y
10

1
74

.8
5 

±
 0

.8
1

0.
79

3 
(0

.6
42

–0
.9

80
)

0.
02

7

C
on

tr
ol

s
65

8
73

.2
3 

±
 0

.3
3

R
ur

al
A

pp
en

de
ct

om
y

63
74

.0
9 

±
 1

.0
9

0.
75

3 
(0

.5
75

–0
.9

88
)

0.
03

4

C
on

tr
ol

s
41

7
72

.1
2 

±
 0

.4
4

U
rb

an
A

pp
en

de
ct

om
y

38
76

.1
2 

±
 1

.1
5

0.
80

2 
(0

.5
67

–1
.1

35
)

0.
20

2

Sci Transl Med. Author manuscript; available in PMC 2019 October 31.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Killinger et al. Page 32

P
re

va
le

nc
e 

of
 P

D
 in

 t
he

 g
en

er
al

 p
op

ul
at

io
n

N
o 

P
D

 d
ia

gn
os

is
, n

P
D

 d
ia

gn
os

is
, n

R
eg

re
ss

io
n 

co
ef

fi
ci

en
t

O
dd

s 
ra

ti
o 

(9
5%

 C
I)

P

C
on

tr
ol

s
24

1
75

.1
4 

±
 0

.4
5

* M
ea

ns
 ±

 S
E

M
.

Sci Transl Med. Author manuscript; available in PMC 2019 October 31.


	Abstract
	INTRODUCTION
	RESULTS
	Appendectomy is associated with a lower risk of PD
	Appendectomy is associated with a delayed age of PD onset
	The healthy human appendix contains pathology-associated α-synuclein
	The human appendix contains truncated α-synuclein proteoforms
	α-Synuclein is rapidly cleaved and aggregates in appendix lysates
	The healthy human appendix contains N-and C-terminal truncated α-synuclein

	DISCUSSION
	MATERIALS AND METHODS
	Study design
	Epidemiological study in a general population
	Epidemiological analysis of the PPMI dataset
	Statistical analyses

	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Table 1.

