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1. Summary 

Zusammenfassung 

Zunehmende Hinweise deuten darauf hin, dass sich die Parkinson-Krankheit (PD) im Darm durch 

gastrointestinale Funktionsstörungen, eine Aggregation von α-SYN und Entzündungen 

manifestiert, die die Pathologie auf das zentrale Nervensystem übertragen. Insbesondere die bei 

PD-Patienten beobachtete veränderte Zusammensetzung der Darmmikrobiota ist ein aktives 

Forschungsgebiet, in dem deren Kausalität bei der Krankheitsentstehung untersucht wird. 

Während das funktionelle bakterielle Amyloid CsgA die PD-Pathologie in Tiermodellen 

beschleunigt, sind die zugrunde liegenden molekularen Mechanismen und die Relevanz für den 

menschlichen Darm bislang unbekannt. Wir stellten die Hypothese auf, dass CsgA von 

enteroendokrinen Zellen aufgenommen wird – also von Darmhormone freisetzenden Zellen, die 

als Sensoren zwischen dem Lumen und dem Wirt fungieren – und deren Funktion stört, wodurch 

eine Prädisposition für PD entsteht. Wir stellten die Hypothese auf, dass CsgA von 

enteroendokrinen Zellen aufgenommen wird, also von Darmhormone freisetzenden Zellen, die 

als Sensoren zwischen dem Lumen und dem Wirt fungieren, und deren Funktion stört, wodurch 

eine Prädisposition für die Krankheitspathologie entsteht. Unter Verwendung von HuTu-80-

Enteroendokrinen Zellen, die mit CsgA-WT, CsgA-R12343 (nicht-amyloidogene Kontrolle) und 

Curli (reife CsgA-Fasern) behandelt wurden, untersuchten wir die CsgA-Aufnahme, proteomische 

Veränderungen, die α-SYN-Proteostase sowie die interzelluläre Kommunikation mit 

gewebsresidenten Neuronen und Makrophagen. CsgA-WT und Curli wurden von HuTu-80 

aufgenommen und zur Degradation in die Lysosomen transportiert, wie durch Western-Blot-

Analysen und Live-Cell-Imaging in Zellen gezeigt wurde, die mit den lysosomalen alkalisierenden 

Reagenzien Bafilomycin A1 und Chloroquin behandelt wurden. .Trotz der durch die bakteriellen 

Amyloide verursachten Veränderungen in Anzahl und Größe der Lysosomen zeigten sich keine 

Auswirkungen auf die Autophagie-Marker P62 und LC3B. Eine umfassende Bewertung der 

Reaktionen enteroendokriner Zellen auf CsgA erfolgte mittels Proteomanalyse in Ganzzell- und 

lysosomenangereicherten HuTu-80-Lysaten. Nur CsgA-WT, nicht jedoch CsgA-R12343 oder 

Curli, induzierte Veränderungen der Proteinkonzentrationen in Ganzzellen und Lysosomen. 

Konkret löste CsgA-WT Veränderungen in verschiedenen zellulären Komponenten aus, darunter 

Mitochondrien, Proteasom, Chaperone, Komponenten des intrazellulären Transports und die 

Freisetzung extrazellulärer Vesikel (EV). Dennoch gab es keinen signifikanten Einfluss auf die 

mitochondriale Atmung, die Superoxidspiegel oder die Proteasomaktivität, was darauf hindeutet, 

dass CsgA-WT nicht ausreicht, um diese zellulären Funktionen zu stören. Stattdessen wurden 

die lysosomalen Transportkomponenten DYNC1I2 und LAMP2 parallel zur lysosomalen α-SYN-
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Bindung herunterreguliert. Dies ging mit einer erhöhten α-SYN-Freisetzung im Überstand und in 

den EVs einher, was auf einen veränderten α-SYN-Transport hindeutet. Die erhöhten CD63-

Spiegel in den EVs und die erhöhten RAB27A-Spiegel in den Gesamtzelllysaten bestätigten 

zudem, dass HuTu-80 über den EV-Signalweg auf das bakterielle Amyloid CsgA-WT reagiert. Die 

damit einhergehende Hochregulation der HLA-DR-Oberflächenpräsentation sowie die 

Freisetzung der Chemokine IL-8 und MIP-1α deuteten auf die immunmodulatorischen 

Eigenschaften von HuTu-80 hin, das CsgA-WT ausgesetzt war. Interessanterweise verringerten 

die EV von mit CsgA behandelten HuTu-80-Zellen die Freisetzung der proinflammatorischen 

Zytokine IL-1β, IL-6 und IL-23 in Makrophagen im Vergleich zu den EV der Kontrollgruppe aus 

HuTu-80-Zellen. Makrophagen, die EV aus CsgA-behandelten HuTu-80-Zellen ausgesetzt 

waren, zeigten jedoch auch nach Entfernung der EV aus dem Überstand eine anhaltende 

Freisetzung von IL-1β, IL-6, TNFα und IL-10. In diesem Zusammenhang reagierten diese 

Makrophagen nicht auf einen sekundären LPS-Reiz, was darauf hindeutet, dass CsgA eine 

anhaltende Aktivierung und einen immunsuppressiven Zustand in Makrophagen induziert. Die 

EVs aus CsgA-WT-behandelten HuTu-80 förderten die α-SYN-Seed-Bildung sowohl in aus 

induzierten pluripotenten Stammzellen gewonnenen peripheren Neuronen als auch in 

Makrophagen, was die Rolle von EVs enteroendokriner Zellen in der α-SYN-Pathologie 

unterstreicht. Schließlich etablierten wir ein Mikrofluidik-Co-Kulturmodell aus EEC und peripheren 

Neuronen, das die Untersuchung der Auslösung und Ausbreitung der PD-Pathologie ermöglicht. 

Zusammenfassend liefern wir Belege für einen neuartigen Mechanismus, durch den CsgA die 

Proteostase enteroendokriner Zellen stört, um die Freisetzung von α-SYN auszulösen und eine 

anhaltende, jedoch erschöpfte Entzündungsreaktion zu fördern, die das langfristige 

Gleichgewicht der Mikrobiota und die intestinale Homöostase stören und so zu den frühen 

Stadien der PD-Pathologie beitragen könnte. 
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Summary 

Burgeoning evidence suggests that Parkinson’s disease (PD) manifests in the gut with 

gastrointestinal dysfunction, α-SYN aggregation, and inflammation propagating the pathology to 

the central nervous system. Particularly, the altered gut microbiota composition observed in PD 

patients is an active area of investigation with respect to studying its causality in disease 

pathogenesis. While the functional bacterial amyloid CsgA accelerates PD pathology in animal 

models, the underlying molecular mechanisms and relevance to the human intestine remain 

unknown. We hypothesized that CsgA is uptaken by enteroendocrine cells, gut hormone releasing 

cells acting as sensors between the lumen and the host, perturbing their function to predispose 

to PD. Using HuTu-80 enteroendocrine cells treated with CsgA-WT, CsgA-R12343 (non-

amyloidogenic control), and curli (mature CsgA fibers), we evaluated CsgA uptake, proteomics 

changes, α-SYN proteostasis, and intercellular communication with tissue-resident neurons and 

macrophages. CsgA-WT and curli were uptaken by HuTu-80 and targeted to the lysosomes for 

degradation as shown by Western blot and live-cell imaging in cells treated with lysosomal 

alkalizing reagents bafilomycin A1 and chloroquine. Despite the changes in lysosomal number 

and size by the bacterial amyloids, there was no effect on the autophagy markers P62 and LC3B. 

Comprehensive evaluation of enteroendocrine cell responses to CsgA was achieved by 

proteomics analysis in whole-cell and lysosome-enriched HuTu-80 lysates. Only CsgA-WT, but 

not CsgA-R12343 or curli, induced whole-cell and lysosome protein level alterations. Specifically, 

CsgA-WT evoked changes in various cellular components including mitochondria, proteasome, 

chaperones, intracellular trafficking components, and extracellular vesicle (EV) release. 

Nonetheless, there was no robust effect on mitochondrial respiration, superoxide levels or 

proteasome activity, suggesting that CsgA-WT a is not sufficient to perturb these cellular 

functions. Instead, the lysosomal trafficking components DYNC1I2 and LAMP2 were 

downregulated alongside lysosomal α-SYN targeting. This was accompanied by elevated α-SYN 

release in the supernatant and EVs, implying altered α-SYN trafficking. The increased CD63 

levels in EVs, and RAB27A levels in whole-cell lysates, further corroborated that HuTu-80 respond 

to the bacterial amyloid CsgA-WT via the EV pathway. The accompanied upregulation of HLA-DR 

surface exposure and IL-8 and MIP-1α chemokine release, indicated the immune-modulatory 

properties of HuTu-80 exposed to CsgA-WT. Interestingly, EVs from CsgA-treated HuTu-80 

decreased IL-1β, IL-6, and IL-23 pro-inflammatory cytokine release in macrophages compared to 

control HuTu80 EVs. However, macrophages exposed to EVs from CsgA-treated HuTu-80 

displayed sustained IL-1β, IL-6, TNFα, and IL-10 release even after removal of the EVs from the 

supernatant. In the same line, these macrophages did not respond to a secondary LPS stimulus, 

suggesting CsgA induces a sustained activation and immunosuppressed state in macrophages. 
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The EVs from CsgA-WT-treated HuTu-80 promoted α-SYN seed formation in both induced 

pluripotent stem cell-derived peripheral neurons and macrophages, highlighting the role of 

enteroendocrine cell EVs in α-SYN pathology. Finally, we established an EEC-peripheral neuron 

microfluidics co-culture model that permits investigation of PD pathology initiation and 

propagation. Conclusively, we provide evidence for a novel mechanism by which CsgA perturbs 

enteroendocrine cell proteostasis to trigger α-SYN release and promote a sustained yet 

exhausted inflammatory response which could disrupt long-term microbiota balance and intestinal 

homeostasis contributing to early stages of PD pathology. 
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Introduction 

2.1 Parkinson’s disease: α-synuclein aggregation and inflammation 

PD is a complex movement disorder with increasing prevalence in the aging and aged population 

which is expected to reach 25 million people worldwide in the year 2050 [1]. The disease’s 

complexity stems from the intricate interaction between genetics and the environment with age 

being the major risk factor [1-4]. Only 15% of the patients are familial, while the majority of PD is 

sporadic [5], denoting that there is not known genetic cause. PD patients develop a set of motor 

symptoms, such as tremors, bradykinesia, rigidity, and postural instability. These symptoms mark 

the late stages of the disease as they manifest after a significant loss of dopaminergic neurons in 

the substantia nigra pars compacta (SNpc) has occurred. At the histopathological level, patients 

exhibit intraneuronal inclusion bodies termed Lewy Bodies (LBs) in which a major protein 

component is α-SYN in its aggregated form [6]. A-SYN is classified as an intrinsically disordered 

protein with its structure depending on its cellular localization. The protein remains unstructured 

and monomeric in the cytosol while it acquires an alpha-helical structure and is bound as 

multimers to lipid membranes [7]. Membrane binding is mediated by the amphipathic N-terminal 

region of the protein, whereas the acidic C-terminal domain is essential for protein-protein 

interactions [8-10]. A-SYN regulates neuronal vesicle clustering and release at the pre-synapses, 

[11, 12] and modulates the immune system [13]. However, the structure and function of α-SYN 

are perturbed during PD pathogenesis. A-SYN transitions towards a beta-sheet conformation 

where multimer formation occurs by excessive monomer stacking [14]. Aggregation is promoted 

by the hydrophobic non-amyloid-beta-component (NAC) domain located in the middle of the 

protein [14]. The resulting multimers are detrimental to cellular health and provoke persistent pro-

inflammatory responses, with the larger aggregates being insoluble and accumulating within LBs 

[6, 15-17]. The beta-sheet conformation is characteristic of amyloid proteins, a term introduced 

by Mathias Schleiden to describe plant starch substances [18]. Later, Rudolf Virchow stained 

corpora amylacea, granular bodies forming with normal aging or neurodegeneration, with iodine. 

Due to the staining properties of corpora amylacea he believed they were starch-like, hence 

denominated them “amyloids” [18]. Currently, several human amyloid proteins are associated with 

neurodegenerative disorders, such as amyloid-beta for Alzheimer’s disease (AD) and Huntingtin 

(HTT) for Huntington’s disease [19]. Despite the identification of pathologic human amyloids in 

neurodegenerative disorders since the last century [18, 20, 21], the exact disease mechanisms 

of amyloid formation are not entirely known. 
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Since the last century, LBs were reported in neurons lining the mucosal and submucosal plexus 

of the intestine at early disease stages in a subset of PD patients [20, 21]. Combined with the 

nonmotor symptoms of PD, including sleep disturbances, depression, cognitive decline, low blood 

pressure, and gastrointestinal dysfunction [22, 23], researchers have focused on other tissues as 

origins of the pathology. Importantly, constipation may appear up to 20 years before the onset of 

movement problems [23, 24], further hinting that gut dysfunction is involved in early disease 

pathogenesis. Indeed, PD may start in the gut and propagate to the brain [20, 21, 25]. The 

principal questions of gut-derived PD include its pathological origin and manner of propagation to 

the brain. The intestinal origin of PD is not yet known, but it is speculated to be a combination of 

genetic and environmental factors that promote chronic inflammation and α-SYN accumulation 

(i.e., LRRK2 variants, infections, microbiota imbalance) [26-30]. Specifically, gut microbiota 

dysregulation has been reported in PD patients and meta-genomics analysis revealed bacterial 

molecules implicated in disease pathogenesis [31], as will be introduced in the following section. 

In this section, we will introduce the link between the gut and the brain related to α-SYN pathology 

propagation and inflammation. 

One of the routes of gut-to-brain pathology propagation is the vagus nerve. The vagus nerve 

connects the enteric nervous system with the central nervous system (CNS) [32] through which 

α-SYN pathology travels transneuronally in a prion-like manner [33-35]. Indeed, truncal vagotomy 

reduced the risk for developing PD in individuals [36] and hindered gut-to-brain transmission of 

α-SYN pathology in mice [35]. Braak had already discovered the gut-to-brain axis by monitoring 

PD progression to anatomically connected areas [37]. Medulla oblongata pathology reflected 

early disease stages (stage 1), specifically in the dorsal motor nucleus that connects the vagus 

nerve to the brain [37]. The subsequent stages were characterized by lesions in the coeruleus 

complex (stage 2), the midbrain (stage 3), and finally cortical areas (stage 4-6) [37]. The exact 

mechanisms of pathological transmission are not entirely known but include lysosomal exocytosis 

and extracellular vesicle (EV) transfer, which are described in more detail later. Over the years, 

two non-mutually exclusive models of PD pathology development have been described, the brain-

first and body-first PD. During brain-first PD, the pathology commences in the olfactory bulb, 

expanding into anatomically connected areas, the amygdala and the nigrostriatal pathway, and 

spreading to the periphery, such as the intestine and the heart [25]. By contrast, the body-first PD 

may start in the intestine and over the disease course spread via the vagus nerve into the 

brainstem and the SN, and through the sympathetic nervous system to the heart [25]. 

Other than α-SYN aggregation and dopaminergic neuron death, PD is characterized by extensive 

and chronic (neuro)inflammation. Moreover, the immune system’s capacity to respond to antigens 
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declines during normal aging and is heavily impacted in PD [38]. Indeed, astrocyte reactivity, 

microglial activation (the brain resident immune cells), peripheral T-cell infiltration and increased 

cytokine levels are detected and are associated with α-SYN pathology, and neuronal death in the 

CNS of PD patients [39-44]. Neuroinflammation is partially triggered by microglia and astrocytes 

that recognize α-SYN aggregates as pro-inflammatory molecules [45-47]. The persistence of 

insoluble α-SYN aggregates is thought to maintain the chronic inflammatory response which 

contributes to disease progression [48]. Due to these observations, the combination of pro-

inflammatory cytokines and aggregated α-SYN as pre-formed firbrils (PFFs) has been used to 

model PD pathology in neuronal/glial co-cultures. The cytokine IFNg is elevated in the serum of 

PD patients [49]. Co-stimulation of stem cell-derived dopaminergic neurons and microglia in co-

culture with IFNg and α-SYN PFFs provoked formation of LB-like structures in the neurons, where 

α-SYN PFFs alone did not [50]. These results further highlighted the importance of the immune 

system and cytokines in PD pathology development. 

In the intestine, elevated numbers of T-cells, B-cells, and antigen-presenting (HLA-DR+) cells 

were reported in PD patients compared to non-affected individuals [51]. Mechanistically, CD4+ T-

cells developed autoimmunity against the α-SYN epitope HLA-DRB1∗15:01, which resulted in 

enteric neuron death and constipation [52]. In another mouse study, intestinal CD4+ T-cells 

exposed to segmented filamentous bacteria initiated local inflammation and migrated through the 

circulation into the CNS [53], providing an alternative route of gut-to-brain pathology propagation 

through blood circulation. Within the CNS, CD4+ T-cells were re-activated by host proteins 

(ERBB2, TRO1, and ANACP2) through molecular mimicry eliciting neuroinflammation [53], 

suggesting a link between gut bacteria and auto-immunity in PD. The innate immune system is 

also implicated in intestinal disease progression. A recent study discovered that early α-SYN 

pathology, identified as the capacity of the protein to act as an amyloid seed, was observed in 

proximal muscularis macrophages and not enteric neurons in α-SYN transgenic mice (carrying 

three SCNA mutations: E35K/E46K/E61K) or mice injected with human PD-derived α-SYN fibrils 

[54]. Depletion of the muscularis macrophages prevented CNS α-SYN pathology, dopaminergic 

neuron death, T-cell expansion, and motor complications, suggesting the pivotal role of intestinal 

macrophages in early PD pathogenesis [54]. These studies highlight that both innate and adaptive 

immunity are involved in the mechanisms of PD pathology. The significance of inflammation in 

Parkinson’s is further corroborated by epidemiological and meta-analysis studies showing that 

inflammatory bowel diseases (IBD) significantly augment the risk for developing PD, yet the 

results vary between studies [55, 56]. One marker used to evaluate α-SYN pathology is the 

elevation of α-SYN phosphorylation at serine 129 (pS129-α-SYN), though the exact contribution 

of this post-translation modification in disease progression is still debated [57-61]. The dextran 
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sulfate sodium (DSS) mouse model of IBD, displayed increased pS129-α-SYN in the intestine 

and midbrain, and dopaminergic neuron loss in the SN [62]. The pS129-α-SYN elevation was 

validated in mucosa, submucosa, and muscularis externa colon samples from patients with 

ulcerative colitis [62]. These results link intestinal inflammatory diseases and PD and are an active 

area of investigation. Conclusively, the immune system connects the CNS with the periphery and 

contributes to both early and late stages of the disease. 

A-SYN itself has a direct role in immune function under physiological conditions. Mice that were 

αβγ-SYN-/- did not display a robust phenotype in neurodevelopment, and only aged animals had 

neuronal firing dysfunction and reduced survival [63], suggesting that synucleins are not as crucial 

for neuronal function as initially thought. On the contrary, αβγ-SYN-/- mice had impaired immune 

responses and survival when exposed to Salmonella typhimurium or the West Nile virus [64, 65]. 

Accordingly, SNCA was upregulated upon RNA viral exposure in CNS neurons from wild-type 

animals with reported α-SYN/viral particle co-localization in the endoplasmic reticulum [64], 

implying that the protein participates in the physiological response to the virus. Biopsies from 

children with reported upper gastrointestinal tract inflammation had increased α-SYN intensity 

which correlated with the number of mononuclear cells and neurotrophils in the tissue [66]. Both 

monomeric and oligomeric α-SYN acted by attracting macrophages and neutrophils in a CD11b-

dependent manner, and by inducing dendritic cell maturation by upregulation of surface CD80, 

CD83, CD86, and HLA-ABC expression [66]. Intraperitoneal administration of peptidoglycan and 

thioglycolate bacterial molecules evoked intestinal α-SYN upregulation in mice [13]. Following 

administration, α-SYN was responsible for leucocyte attraction, pro-inflammatory cytokine (IL-1β, 

TNFα, and IL-12p70) production, and Toll-like receptor 4 (TLR4)-dependent dendritic cell 

activation [13]. TLRs are a family of cell surface receptors that bind bacterial molecules initiating 

NF-κB-dependent immune responses [67]. Additionally, exposure to the TLR4- and TLR2-binding 

bacterial molecules lipopolysaccharide (LPS) and Pam3CSK4 triggered α-SYN upregulation and 

release by enteroendocrine cells [68]. Altogether, these results highlight TLR pathway significance 

in driving α-SYN-induced immune responses. The bacteria-derived short-chain fatty acid sodium 

butyrate induced α-SYN elevation in a FFA2/3-dependent manner [68], suggesting that multiple 

bacterial ligands and host receptors may participate in intestinal immune regulation. Thus, α-SYN 

is a crucial immune modulator under physiological conditions that is required for host responses 

to pathogens. 

The beneficial and detrimental immune responses in neurodegenerative diseases are still being 

uncovered. While an initial inflammatory response is necessary to eradicating pathogens and 

unhealthy cells, removal of the antigen results in eventual resolution of the response. However, 
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the persistence of a stimulus, such as α-SYN in PD, may lead to chronic and deleterious immune 

activation. As an emerging concept, immune cell exhaustion has been proposed to contribute to 

neurodegenerative disease progression. Immune cell exhaustion has been initially described in 

chronic viral infections and primarily for CD8+ T-cells [69]. Sustained T-cell receptor signalling, 

imbalanced cytokine environment with upregulation of the anti-inflammatory IL-10, and crosstalk 

with immunosuppressive regulatory immune cells are mechanisms contributing to persistent T-

cell activation [70, 71]. In this state, however, T-cells are not entirely functional. They display 

decreased cell numbers, proliferation, metabolism, cytokine release, and cytotoxicity [72-74], 

meaning their ability to remove antigens is declined. Immune cell exhaustion has also been 

reported in CD4+ T-cells, B-cells, and natural killer cells, as well as for other human diseases 

including cancer [69]. The exhausted immune cell phenotype has been introduced in the field of 

neurodegeneration for AD. Elevated T-cell activation and TNFα, IFNg, and IL-2 cytokine 

production were measured in amyloid positive but cognitively normal patients [75]. Instead, 

amyloid positive individuals with mild cognitive impairments presented CD4+ and CD8+ T-cell 

populations with declined granzyme B (cytotoxic function), TNFα, IFNg, and IL-2 levels, 

suggesting their immune function is compromised. In a PD mouse model with microglial-specific 

SNCAG420A expression, while microglia displayed elevated Il1a, Il1b, Il18, and Ifng pro-

inflammatory cytokine expression accompanied by reactive oxygen species (ROS) and nitric 

oxide production, the authors reported diminished synaptosome phagocytosis which they termed 

phagocytic exhaustion [76]. The phenotypes and mechanisms of immune cell exhaustion in 

neurodegenerative disorders, however, are still being characterized. Regarding the innate 

immune system, studies report dysregulated response during chronic bacterial infection with 

macrophages described as chronically-stimulated rather than exhausted [77, 78]. For instance, 

Salmonella infection in the liver promoted an M2-like phenotype (increased Ym1, M6pr, Tgfb1, 

and decreased Nos2, Il12p40 expression) of macrophages that is more associated with an anti-

inflammatory response [79]. However, it is unknown whether macrophages become 

immunosuppressed due to the constant presence of the pathogen or due to Salmonella actively 

undermining the host immune response [80]. Recently, repetitive LPS treatments have been used 

to model macrophage exhaustion in vitro where reduced NF-κB pathway activation, declined 

cytokine release, impaired mitochondrial metabolism were reported [78, 81]. Consequently, 

immune cell exhaustion, immunosuppressive reprogramming and the underlying mechanisms are 

ongoing areas of research within the field of neurodegenerative diseases. 
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2.2 Gut microbiota and bacterial amyloids in Parkinson’s disease  

The gut microbiota mainly consists of beneficial bacteria that promote proper intestinal 

development and host health, while changes in gut microbiota composition have been implicated 

in PD [82]. The relevance of these pathological alterations has been investigated by 16S rRNA or 

shotgun metagenomic sequencing methods. Significant differences in the gut microbiota 

composition were reported between PD and non-affected individuals, with over-representation of 

opportunistic and rare pathogenic species, such as Escherichia coli, Actinomyces turicensis, 

Klebsiella pneumoniae, and Streptococcus [31, 83]. In the same line, increased relative 

Enterobacteriaceae abundance was associated with augmented severity of gait difficulty and 

postural instability [84]. PD patients with constipation had increased abundances of 

Bifidobacteriales, Desulfovibrionales, and Lactobacilalles [85]. On the contrary, beneficial 

species, including Roseburia intestinalis, Eubacterium rectale, and Prevotella, were under-

represented and were associated with reduced anti-inflammatory short-chain fatty acid production 

[31, 83]. In the same direction, the reduction in Roseburia correlated with more severe cognitive 

decline [85]. Therefore, the gut microbiota is closely linked to PD pathology and symptoms. It 

should be noted that metagenomics studies have discovered multiple alterations in species 

abundance, however due to the geographical and culture variability certain species may be 

omitted. Further complexity is added by the fact that the role of certain bacterial species in PD 

pathogenesis is difficult to discern. One example is Akkermansia muciniphila that displayed 

increased abundance only in certain cohorts of PD patients [31, 83]. While A. muciniphila can 

promote mucin production and enhanced gut barrier integrity [86-88], its secretome can induce 

α-SYN aggregation in enteroendocrine cells [89]. The difficulty to discern the beneficial and 

detrimental aspects of A. muciniphila stems from the fact that gut microbiota composition is 

affected by lifestyle and geographical region, and bacteria function as a community rather than 

individually in the host’s intestine [90-92]. Thus, the field of microbiota alterations, the intricate 

relations between microbes and the host, and their involvement in PD is an ongoing area of 

research. An approach to better comprehend the cellular pathways and biomolecules by which 

bacterial species contribute to PD is by analyzing enriched bacterial gene families in PD cohorts. 

One example is LPS [31, 83], which is produced by Gram-negative bacteria and is a fundamental 

structural component of the outer side of the cell membrane [93]. Due to the surface exposure of 

LPS, host cells recognize it as  a pathogen-associated molecular pattern via TLR4 to trigger 

immune responses [94]. LPS has endotoxin properties and, thus, was used to model inflammatory 

conditions both in vivo and in vitro [95, 96]. For example, LPS stimulated macrophage activation 

and inflammatory cytokine production via the NF-κB and IRF3 pathways [96, 97]. Another family 

of upregulated genes in the gut bacterial community of PD patients were the genes csgA, csgC, 
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csgG [31]. These genes are expressed by the Enterobacteriaceae family [98] revealing a broad 

mechanism by which intestinal bacteria may contribute to PD. 

The operons csgBAC and csgDEFG are expressed by Enterobacteriaceae under biofilm-forming 

conditions [99]. Bacteria can exist as singular free-floating cells (planktonic), or as densely 

populated microbial aggregates (biofilm). Biofilm is a type of extracellular matrix (ECM) produced 

by various bacterial species that confers protection against the environment (i.e., mechanical 

stress, toxins, other microorganisms, antibiotics) [99, 100]. The model of biofilm formation, initially 

described in Pseudomonas aeruginosa, is a five-step process that begins with reversible surface 

attachment of planktonic bacteria (step 1) [101, 102]. This attachment and grouping of multiple 

planktonic bacteria into a monolayer initiates intracellular changes (i.e., extracellular polymeric 

substance production, antibiotic resistance gene expression, metabolic alterations), and 

intercellular communication (i.e., quorum sensing, oligopeptides) to facilitate the transition into 

biofilm growth (step 2: irreversible attachment). Over time, multiple layers form (step 3: maturation 

I) and the biofilm acquires structural complexity appearing as mushroom-like (step 4: maturation 

II). The biofilm is composed of various molecules including proteins, saccharides, lipids, and 

deoxyribonucleic acid (DNA) [103, 104]. Biofilm dispersion (step 5) releases planktonic bacteria 

that can migrate and colonize other areas [102, 104]. While this model of biofilm formation is still 

being used, it is appreciated that it does not sufficiently reflect all forms of biofilms observed in 

nature and in laboratory settings [104]. 

In Enterobacteriaceae, the major protein component of biofilms is CsgA [105, 106]. CsgA is 

termed a functional bacterial amyloid and the CsgA fibrils in the biofilm are called curli. Being an 

amyloid protein, similar to α-SYN, it is intrinsically disordered and forms aggregates by sequential 

stacking of CsgA monomers with a beta-sheet conformation [107, 108]. Particularly, CsgA 

contains five imperfect repeats (R1-5) with each spanning 19-23 amino acids in length and 

containing a Ser-X5-Gln-X4-Asn-X5-Gln consensus sequence. By performing Ala mutagenesis, 

Wang et al [107] discovered that Q49A and N144A mutations completely hindered biofilm 

formation as assessed by Congo Red staining, which binds and stains beta-sheet structures. The 

mutant CsgA-slowgo, where Q49 and N54 in repeat 1 and Q139 and N144 in repeat 5 were all 

replaced by alanine, had a substantially reduced ability to aggregate into fibrils. This suggested 

that the R1 and the R5 sequences are important for CsgA monomer aggregation and nucleation 

with CsgB. Indeed, cryo-EM structures of CsgA fibrils displayed that the R1 or R5 of one monomer 

interacted with the R1 or R5 of the subsequent monomer (termed head-to-tail, head-to-head, or 

tail-to-tail interactions) [109, 110]. The intrinsic beta-sheet forming ability of CsgA, contrary to α-

SYN, confers the rapid aggregation capacity needed for biofilm production [108]. Regarding the 
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two operons, CsgD is the master transcriptional regulator of csgBAC and csgDEFG, and it is 

activated by various environmental cues that benefit biofilm formation including low temperature 

and starvation [111-113]. Once produced, CsgA remains soluble and monomeric within the cell 

due to its binding by the chaperone CsgC [114, 115]. CsgC prevents both CsgA and α-SYN 

aggregation by binding to the following consensus sequences: D-Q-Φ-X0,1-G-K-N-ζ-E [115]. Since 

this sequence is not present in amyloid beta, CsgC does not hinder its aggregation [115]. CsgA 

is produced by Gram-negative bacteria meaning it must pass through the cell membrane into the 

periplasm, and then through the outer membrane to reach the extracellular milieu. For the first 

step, CsgA carries a secretion signal (SEC) in its N-terminus which is recognized and cleaved by 

the protein complex SecYEG during CsgA’s translocation [105]. CsgG forms a pore in the outer 

bacterial membrane through which CsgC and CsgE secrete CsgA to the extracellular space [116, 

117]. CsgB and CsgF are bound on the extracellular side of CsgG, with CsgB acting as the 

nucleator where CsgA binds and begins aggregating [118-120]. These two csg operons tightly 

regulate the amyloid aggregation process of CsgA that, in contrast to human amyloids, does not 

detrimentally occur within the cell. 

The effect of CsgA and curli in PD was studied in animal models overexpressing human SNCA 

[121-124] or expressing human LRRK2 variants associated with sporadic PD (R1628P or 

G2385R) [125]. The animals were repeatedly exposed to E. coli WT or ΔcsgBAC via different 

administration methods (drinking water, oral gavage, colonic injection) prior to intestinal and brain 

pathology evaluation [121-125]. The duration of the experiments ranged between 9-24 weeks for 

mice and up to 6 days for C. elegans [121-125]. E. coli WT induced elevated α-SYN aggregation 

and phosphorylation at serine 129 in the intestine of mice and C. elegans compared to E. coli 

ΔcsgBAC, with the pathology extending to the SN of mice [121-125]. This was accompanied by 

increased astrocyte and microglial activation measured by the increased number of GFAP+ and 

IBA1+ cells, respectively, augmented IL-6, TNFα, and TLR2 levels in the brain, and motor 

impairments in E. coli WT-colonized versus E. coli ΔcsgBAC-colonized mice [121, 122, 124, 125]. 

SN dopaminergic neuron loss was reported in the LRRK2 mutant mice colonized with E. coli WT 

but not in SNCA overexpressing mice [122, 125]. Accordingly, intestinal injection with the synthetic 

CsgA peptide QYGGNN (derived from CsgA’s conserved amyloidogenic sequence) promoted 

motor impairments in Thy1-SNCA overexpressing mice from 20 days and up to 70 days post-

injection when compared to the non-amyloidogenic peptide QYGGNA [122]. Finally, 

epigallocatechin gallate (EGCG), which blocks α-SYN and CsgA aggregation, ameliorated motor 

scores, pS129-α-SYN levels, and IBA1+ cell number and density in the SN compared to the 

vehicle control in E. coli WT-colonized mice [122]. Thus, csgA upregulation and increased E. coli 
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levels reported in PD patients could aggravate PD progression through both α-SYN aggregation 

and inflammation. 

Mechanistically and in the context of peripheral inflammation, Salmonella curli fibers bound to 

TLR2 and promoted macrophage IL-6, IL-8, and IL-10 production via NF-κB [126-129], showing 

that innate immune cells recognize curli as a pathogen-associated molecular pattern. The 

association between curli with intestinal pathology and neurodegeneration was reported in AD 

and amyloid lateral sclerosis (ALS). In the Tg2576 AD mouse model (APP-KM670/671NL), 

increased curli burden, epithelial barrier integrity loss, and TLR2 activation were observed in the 

gut [130]. E. coli-derived curli upregulated TLR2 in human ileal organoids, though inflammation 

was not further evaluated [130]. Additionally, elevated Tlr2 and Arg1 expression in skeletal 

muscles, as well as increased blood-circulating CD19+ B-cells were reported in male SOD1-G93A 

ALS mice colonized with curli-producing vs non-curli-producing E. coli [131]. On the contrary, a 

trend for reduced IL-22 levels in the distal colon, and decreased dendritic cell, activated T-helper 

and T-cytotoxic cell numbers were reported in the blood of SOD1-G93A ALS mice colonized with 

curli-producing E. coli [131]. This suppressed immunity was hypothesized to occur due to the 

binding of curli on major histocompatibility complexes (MHC) class I [132], highlighting the 

potential detrimental role of CsgA through both activation or downregulation of immunity 

depending on disease context and cell type analyzed. Nevertheless, CsgA and curli have also 

been described to be homeostatic regulators of the immune system. Oral gavage rather than 

peritoneal injection of curli fibers is anti-inflammatory by promoting IL-10 release [133], suggesting 

that intestinal lumen curli is part of gut commensal flora-derived homeostasis. Under inflammatory 

conditions, such as in the DSS mouse model of IBD, E. coli and orally administered curli fibers 

ameliorated inflammation and improved gut histopathological score [133, 134]. Similarly, E. coli 

Nissle 1914 reduced peripheral blood T-cell cycling and IL-2, TNFα, IFNg production, while it 

increased anti-inflammatory IL-10 levels in CD3-stimulated lamina propria T-cells [135]. The 

cytokine level changes by E. coli were not observed in Tlr2-/- mice [135], suggesting the effect is 

partially mediated through curli. These results together with the findings of the ALS study [131] 

imply that T-cell activation is suppressed by E. coli and curli. Overall, curli can be either pro- or 

anti-inflammatory depending on the cell type, tissue localization and disease context. Despite this 

information, how curli is exposed to intestinal and immune cells in humans has not been described 

in detail. Biofilms were reported in healthy individuals, and their prevalence was increased in IBD 

patients [136-139]. Therefore, intestinal cells could uptake CsgA or CsgA could infiltrate past the 

damaged gut barrier reported in irritable bowel syndrome (IBS) and ulcerative colitis [136]. Other 

than canonical secretion for biofilm formation, CsgA is released via exosomes by E. coli in the 

mouse gut [125]. The CsgA-carrying exosomes promoted pS129-α-SYN phosphorylation and 
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insoluble α-SYN formation in the LRRK2-R1628P mouse model [125], suggesting that different 

routes of intestinal bacterial amyloid exposure may be present. Conclusively, CsgA is linked to 

altered inflammation and worsened pathology, yet it remains to be investigated how the bacterial 

amyloid disrupts intestinal homeostasis to promote PD pathogenesis. 

Other than TLR2, curli fibers bind to fibronectin and MHC class I molecules. Fibronectin is a 

ubiquitously expressed ECM protein involved in cell adhesion, differentiation, migration, and 

growth [140]. One manner of fibronectin-cytoskeleton coupling is via integrins, transmembrane 

proteins forming heterodimers between α and β subunit members [140]. Particularly, the RGD 

(arginine–glycine–aspartic acid) integrin family (αv, αIIb, β3, β5, β6, β8) binds fibronectin [141]. Curli 

binds fibronectin in an RGD-dependent manner resulting in E. coli internalization in T24 and HeLa 

cells, since bacterial uptake was blocked by co-treatment with competing RGD peptides [142]. 

Except for fibronectin, E. coli curli binds to MHC-I, proteins involved in antigen presentation to 

adaptive immune cells [143]. The curli-MHC-I interaction promoted E. coli adherence on murine 

macrophages [132]. However, it did not affect the ability of macrophages to phagocytose bacteria, 

bind ovalbumin peptides, and induce proliferation of CD3-stimulated T-cells [144], implying that 

antigen presentation is not affected by curli. Thus, curli bind to fibronectin and MHC-I molecules 

to facilitate bacterial adherence on host cells, yet the uptake or downstream cellular effects have 

yet to be investigated. 

 

2.3 Enteroendocrine cells and their involvement in Parkinson’s disease 

The intestinal epithelial cell (IEC) layer consists of multiple cell types, including intestinal stem 

cells which are necessary for regeneration of the tissue [145]. Enterocytes uptake and process 

nutrients [146], while Paneth cells participate in host defense by secreting antimicrobial peptides 

[147]. Goblet cells produce mucin, the protective layer restricting bacterial growth near the gut 

epithelium [148], and enteroendocrine cells (EECs) release hormones to control digestion, gut 

motility and immunity following their exposure to luminal nutrients [149, 150]. EECs were 

classically divided based on the hormone they produced, e.g. enterochromaffin cells produce 5-

hydroxytryptamine (5-HT or serotonin) and L cells produce glucagon-like peptide-1 (GLP-1), 

though it is currently appreciated that each EEC type secretes multiple hormones [151, 152]. A 

widely used marker for EECs is chromogranin A (CHGA), a glycoprotein involved in the biogenesis 

and maintenance of secretory granules that contain hormones and neurotransmitters in 

neuroendocrine cells [153]. EECs additionally function as immunity regulators through functional 

TLR expression [154], hormone release (i.e., GLP1, cholecystokinin) [149], and chemokine and 
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cytokine (i.e., GROα, MIP2, TNFα, and IL-32) secretion to IECs and immune cells [149, 154-157]. 

A subset of EECs, called enterochromaffin cells, consist of a basal neuropod structure that forms 

a synapse with enteric neurons [158]. These EECs produce 5-HT, CCK, or PYY following nutrient 

exposure to regulate intestinal motility via enteric neurons [158, 159]. Due to their neuron-like 

properties, EECs express α-SYN [160] and exposure to bacterial ligands, such as LPS, 

Pam3CSK4, and sodium butyrate, induces upregulation of both SNCA transcription and α-SYN 

levels [68], further corroborating their role in immune system regulation and suggesting their 

involvement in PD pathogenesis [160]. Indeed, A. muciniphila secretome promoted intracellular 

calcium overload followed by increased mitochondrial ROS release with subsequent elevation of 

pS129-α-SYN and α-SYN-GFP aggregation in mouse STC-1 EECs [89]. Nitrite, produced by 

intestinal Enterobacteriaceae and an oxidizing molecule, was also potent in inducing α-SYN 

aggregation in vitro and in STC-1 EECs [161]. The pathology of α-SYN can be propagated from 

EECs to proximal enteric neurons to eventually reach the hindbrain [162], rendering EECs as an 

integral component in PD pathogenesis. One mechanism of transmission requires cell-to-cell 

contact between STC-1 EECs and SH-SY5Y-derived neurons and is mediated via RAB35 [163]. 

RAB35 participates in endocytic recycling [164] and its silencing in EECs induced increased α-

SYN targeting to the lysosomes and diminished α-SYN fibril propagation to neurons [163]. Thus, 

EEC intracellular trafficking pathways are implicated in PD pathology. However, exogenously-

generated α-SYN PFF were used as seeds to induce pathology [163], while physiologically 

relevant inducers of pathology (i.e., genetic variants, microbial molecules) were not evaluated. 

The SNCA mutation A53T is implicated in familial PD through autosomal dominant inheritance 

and has been used to model the disease [165, 166]. Mouse primary intestinal organoids with 

human SNCA-A53T expression displayed α-SYN seeding capacity with aggregates being 

transmitted to SNCA-/- nodose ganglia neurons [162]. Therefore, EECs are implicated in intestinal 

α-SYN aggregation upon fibril exposure or familial SNCA mutations and propagate the α-SYN 

pathology to enteric neurons, nevertheless whether and how sporadic PD manifests in EECs is 

not yet known. 

 

2.4 Organelle and proteasome involvement in α-SYN homeostasis and 

pathology 

2.4.1 Mitochondria 

The field of mitochondrial biology in neurodegenerative diseases developed from studying CNS 

neurons. Neurons, particularly dopaminergic, are highly metabolic and rely heavily on proper 
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mitochondrial function [167]; thus, any mitochondrial activity perturbation is lethal if not resolved. 

Genetically, multiple mitochondrial function-related genes are implicated in neurodegenerative 

diseases. PARK7 is responsible for an autosomal recessive form of familial PD [168]. PARK7, 

also known as DJ-1, is a multifunctional protein which counteracts oxidative stress, regulates 

proper respiratory function and mitochondrial dynamics [169-171], exerts antioxidant function to 

maintain neuron survival [172], and prevents α-SYN aggregation in its oxidized state [173, 174], 

linking overall mitochondrial health status with PD pathology. Another protein, SOD1 functions as 

a cellular antioxidant by converting superoxide (O2
-) to hydrogen peroxide (H2O2). A fraction of 

SOD1 is localized to mitochondria, and genetic mutations are implicated in ALS [175-177]. Yet 

dysfunctional wild-type SOD1 resulting from post-translation modifications is reported to 

accumulate in LBs of PD patients [178], suggesting that protein function is perturbed in PD without 

genetic perturbations. Dysfunctional SOD1 induced excessive mitochondrial ROS (mtROS) 

production which promoted cellular oxidative stress [179]. Excessive oxidative stress may 

increase the rate of both α-SYN aggregation and propagation and, additionally, damage the 

neurons causing neurodegeneration in the context of PD [180-183]. The mitochondrial respiratory 

chain (MRC), responsible for generating the majority of adenosine triphosphate (ATP) in the cell, 

is another source of PD-related mitochondrial dysfunction. The MRC consists of 5 complexes, 

complex I-V, containing multiple subunits each [184]. Complex deficiency was reported during 

natural aging and robust complex I impairment was described in the SN of PD patients [185-187]. 

There is no clear genetic cause for MRC dysfunction in PD [188], whereas the environment, e.g. 

pesticides, has a key role [189, 190]. The importance of mitochondria is further highlighted by the 

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of PD. MPTP is a potent toxin 

that induces dopaminergic neuron death by blocking mitochondrial respiration and provoking 

aberrant superoxide production [191]. This elicits SN dopaminergic neuron death inducing 

parkinsonian-like features in mice [191]. Overall, mitochondria damage and dysfunction are 

heavily implicated in PD in the brain and their role in the periphery is emerging. 

EECs exhibit neuron-like properties, as they release both hormones and neurotransmitters, and 

therefore rely heavily on mitochondrial energy production to sustain their function [192-194]. From 

early development, the gut microbiota modulates the EEC transcriptome, particularly genes 

involved in mitochondrial activity and dynamics [192]. Notably, mitochondrial localization at the 

basal side of EECs, where hormone and synaptic vesicle release occurs, was observed in 

conventionalized (CV) but not germ-free (GF) zebrafish [192]. Using linoleic acid as a nutrient 

stimulant, EECs in GF animals failed to increase mitochondrial and cytosolic calcium levels 

compared to EECs in CV animals, suggesting that the microbiota is required for proper EEC 

nutrient responsiveness [192]. Consistently, a preprint study using amino acids as stimuli reported 
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that GLP-1 secretion depended on oxidative phosphorylation and the tricarboxylic acid (TCA) 

cycle [194], further linking mitochondrial activity to EEC hormonal release and function. EECs 

additionally contribute to the maintenance of overall intestinal mitochondrial function and 

metabolism, as demonstrated by EEC ablation studies in mice [195], indicating that proper EEC 

signalling is essential for intestinal metabolic homeostasis. However, mitochondrial homeostasis 

can be disrupted inducing α-synuclein (α-SYN) pathology, as shown in the A. muciniphila 

secretome study [89]. In this context, α-SYN-pS129 and α-SYN-GFP aggregation were rescued 

by restoring mitochondrial calcium balance, which prevented excessive, non-physiological ROS 

production [89]. Thus, mitochondria are central to EEC function and intestinal homeostasis, and 

their dysfunction may contribute to PD pathogenesis. 

2.4.2 Lysosomes and intracellular trafficking 

Lysosomes are cytoplasmic organelles and consist the endpoint of intracellular vesicle trafficking 

where biomolecule degradation occurs [196]. The relevance of lysosomes in PD was highlighted 

by the study of the lysosomal storage disorder Gaucher’s disease (GD). GD is caused by biallelic 

mutations in GBA1 encoding for the lysosomal enzyme glucocerebrosidase (GCase) which 

catabolizes glucosylceramide into glucose and ceramide [197]. A GWAS study identified 

monoallelic GBA1 mutations as the major genetic risk factor for PD [198]. In the loss-of-function 

hypothesis, GBA1 variants impede GCase enzymatic activity leading to glucosylceramide 

accumulation in the lysosomes, which hinders proper lysosomal function and lysosomal 

degradation of α-SYN [199] promoting a vicious cycle of α-SYN accumulation. GCase dysfunction 

in PD is modelled using PD-linked genetic mutations (i.e., L444P, N370S, E326K) [200-203], 

genetic knock-down [199], or by blocking its enzymatic function using the chemical inhibitor 

conduritol-b-epoxide (CBE) [204-206]. In the intestine, injection of α-SYN PFF in mouse 

duodenum diminished GCase enzymatic function to 50% over 7 days which completely recovered 

after 4 months [207]. The mice displayed increased intestinal α-SYN-pS129, gastrointestinal 

dysfunction, and decreased enteric neuron function, all of which were partially rescued by GBA1 

gene delivery [207], suggesting that GCase also plays a role in intestinal PD pathology. Overall, 

GCase dysfunction can contribute to α-SYN aggregation in PD pathogenesis, though the field of 

intestinal GBA1 PD has yet to be explored in detail. 

Extracellular or intracellular cargo is sorted and distributed to endosomes which traffic the 

molecules to different compartments within the cell. In principle, early endosomes transition to 

late endosomes, also called multivesicular bodies (MVBs) due to the appearance of membrane 

invaginations, accompanied by a reduction in pH prior to fusion with lysosomes [208]. An 

alternative fate of late endosomal content is release via exocytosis [209] which will be mentioned 
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later. In PD, various endosomal trafficking mechanisms and lysosomal degradation are perturbed 

which contribute to disease progression [210-212]. This section will provide a summary of relevant 

proteins involved in intracellular α-SYN trafficking in the context of PD. 

Lysosomal degradation is termed autophagy and is classically described as a mechanism 

occurring during starvation or disease when the cell recycles its own molecules [213]. Multiple 

autophagy pathways exist in the cell. The principal manner of intracellular lysosomal α-SYN 

targeting is via chaperone-mediated autophagy (CMA) [214-216]. In CMA, proteins with KFERQ-

like sequences (95VKKDQ99 for α-SYN) are bound by the lysosomal membrane protein LAMP2A 

which, together with the help of HSPA8, co-chaperones and ATP, results in lysosomal import of 

the target proteins [217]. The A53T or A30P mutant α-SYN forms bind to LAMP2A but are not 

internalized, thus preventing their degradation of α-SYN and other proteins (GAPDH in the study) 

via CMA [215]. This data suggested that mutant α-SYN acted in a toxic gain-of-function manner. 

On the other hand, multiple pathways of extracellular monomeric, oligomeric, or fibrillar α-SYN 

uptake have been described in literature, including macropinocytosis, dynamin-dependent 

endocytosis, clathrin-mediated endocytosis (CME), or receptor-mediated endocytosis [218-224]. 

Many of these pathways converge into lysosomes with multiple intracellular trafficking-related 

proteins interacting directly or indirectly with physiological and pathologic α-SYN. Initially, a crucial 

component of the CME is the AP2 adaptor complex consisting of five subunits AP2A1, AP2A2, 

A2PB1, AP2M1, and AP2S1 [225]. Under physiological conditions, α-SYN recruits AP2 followed 

by clathrin to the synaptic membrane to facilitate CME [226]. Lack of SNCA reduced AP2 synaptic 

membrane localization potentially affecting the early steps of neurotransmitter endocytosis [226], 

though a redundance for synaptic vesicle trafficking with other synucleins was reported [227]. 

However, the AP2 complex and clathrins have also been discovered in DLB inclusions, suggesting 

that CME is linked to α-SYN amyloid disease [228]. 

The importance of lysosomal α-SYN trafficking was further highlighted by studies of the dynein 

complex and autophagy. Dynein consists of multiple subunits categorized as heavy, intermediate, 

light intermediate, and light chains [229]. Dynein is a large motor protein carrying organelles 

towards the minus end of microtubules, meaning towards the nucleus [230]. Autophagosomes, 

double-membraned vesicles containing material for degradation [231], are carried by dynein 

towards lysosomes near the minus end of microtubules [232]. Genetic silencing of the dynein 

heavy chain induced an increase in α-SYN A53T levels and half-life in PC12 cells [233]. On the 

contrary, enhancing dynein activity via exogenous expression of N-acetylglucosamine kinase 

(NAGK) prevented α-SYN-A53T aggregation in HEK293T cells and primary rat cortical cultures 

[234]. Dynein is implicated in autophagy as shown by elevated SQSTM1/P62 and LC3B-II levels, 
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and accumulation of LC3+/LAMP1+ autophagic vacuoles in PC12 cells silenced for the dynein 

heavy chain [233]. P62 functions by capturing ubiquitinated cargo for delivery to autophagosomes 

where it is degraded [235]. The levels of P62 decrease upon autophagy activation, thus this 

protein has been used as an autophagy marker. P62 directly interacts with microtubule-associated 

protein 1 light chain 3 (MAP1LC3 or LC3) required for autophagosome formation. LC3 is cleaved 

at the C-terminus by ATG4A to yield the cytosolic form LC3-I. A series of ATG proteins act in a 

ubiquitin-like manner to apply a phosphatidylethanolamine modification to the C-terminal of LC3-

I. In this manner, LC3-I converts to LC3-II which associates with the autophagosome membrane 

and correlates with autophagosome formation [236-238], meaning the ratio of LC3-II-to-LC3-I is 

marker of autophagic flux similar to P62. Conclusively, the upregulation of P62 and LC3-II upon 

dynein silencing [234] suggests that dynein participates in autophagic degradation α-SYN. 

Vacuolar protein sorting 35 (VPS35) and VPS26A are additional intracellular trafficking proteins 

implicated in PD. VPS35, VPS26A, and VPS29 form together the retromer complex which 

participates in endosomal sorting [239]. Mutations in VPS35 cause familial or sporadic PD [240], 

whereas certain variants in VPS26A are implicated only in sporadic PD [240, 241]. The 

mechanisms linking VPS35 and VPS26A mutations to PD are not entirely known and are mostly 

derived from studying VPS35. Vps35+/- mice display decreased LAMP2A and MFN2, and 

increased α-SYN in dopaminergic neurons, suggesting that retromer dysfunction impacts CMA 

and mitochondrial fusion which could be responsible for the dopaminergic neuron death observed 

in these animals [43]. There is no reported interaction between α-SYN and VPS26A, but VPS26A 

is required for proper processing of APP and Tau, two amyloid proteins involved in AD [242]. 

Downregulation of VPS26 by high glucose led to APP retention in endosomes accompanied by 

increased Αβ levels and augmented phospho-Tau levels [243], both of which are pathologic 

hallmarks in AD [242]. Using the retromer pharmacological chaperone R33, VPS26A 

downregulation was rescued leading to recovered APP and Tau levels, and improved cathepsin 

D activity and lysosomal localization [243], suggesting that retromers are necessary for proper 

lysosomal enzyme function. Indeed, a recent multi-omics study discovered that retromer function 

is fundamental for endo-lysosomal homeostasis while VPS35 deletion elicited severe lysosomal 

and cell surface proteome changes, and lysosomal dysfunction (autolysosome formation, 

lysosomal number) [244]. These effects were due to the ability of retromers to bind effector 

proteins on the lysosomal membrane [244]. As a compensatory mechanism to lysosomal 

perturbations, cells displayed elevated lysosomal exocytosis [244] which could present a 

mechanism of aggregated α-SYN release [245]. Therefore, the retromer is an intracellular 

trafficking component linking pathologic amyloids to lysosomal dysfunction. 
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Overall, defects in intracellular trafficking and impaired lysosomal targeting disrupt α-SYN 

homeostasis, promoting its pathological aggregation and propagation. 

 

2.4.3 Proteasome 

Lastly, α-SYN degradation also occurs in proteasomes [246]. The proteasome is a multi-ring-like 

complex consisting of structural and catalytic subunits. 20S proteasome is the smallest complex 

divided into α and β subunits, with the α subunits forming the two outer rings of the complex [247]. 

The normal catalytic β subunits are PSMB5, PSMB6, and PSMB7 [248-250], with each protein 

catalyzing the breakdown of different protein sequences. Due to their sequence specificity, 

PSMB5 displays chymotrypsin-like activity, PSMB6 has caspase-like activity, and PSMB7 

performs trypsin-like activity [251, 252]. The 19S proteasome is a regulatory complex in the form 

of a cap that binds on the outer rings of the 20S proteasome [248]. The resulting structure is the 

26S or 30S proteasomes depending whether one or two caps bind on the 20S proteasome [248]. 

The 26S proteasome degrades ubiquitinated proteins compared to the 20S which displays 

broader protein degradative activity [248]. Proteasome function is reduced in PD patients [253, 

254], and α-SYN can directly impair proteasome subunit levels and its activity [255-259]. 

Interestingly, α-SYN, amyloid-beta 1-42, and HTT Q53 oligomers were all able to impair the 

proteasome chymotrypsin-like activity, suggesting a common mechanism of amyloid-induced 

proteasome impairment [260], which could also occur upon exposure to bacterial amyloid 

oligomers. Thus, amyloids disrupt proteasome activity as a mechanism of proteostasis 

impairment linked to neurodegenerative diseases.  

 

2.5 Extracellular vesicles and exosomes in intestinal homeostasis and 

α-SYN pathology propagation 

Extracellular vesicles (EVs) are defined as cell-released particles enclosed by a lipid bilayer that 

are incapable of replication [28]. They carry various molecules such as proteins, metabolites, 

microRNAs (miRNAs), and DNA, and are important for intercellular communication and 

homeostasis maintenance [261]. EVs are typically characterized as small (<200 nm) or large 

(>200 nm) though no unanimous cut-off is defined in literature, and their intracellular origin can 

vary [28]. Marker proteins include ALIX, FLOT1, and tetraspanins. ALIX is an accessory protein 

of the endosomal sorting complex required for transport (ESCRT) which participates in EV 

biogenesis [262]. FLOT1 is a scaffold protein for lipid rafts that aids in membrane trafficking for 

the EV pathway [263]. Tetraspanins are cell surface molecules, including CD81, CD9, and CD63, 
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that define membrane protein microdomains [264] and their role in EVs will be introduced later. 

One of the most studied EV subsets are the exosomes. Exosomes are typically characterized by 

their endosomal origin, when MVBs fuse with the plasma membrane, and their <200 nm size [28]. 

In the intestinal epithelium, exosomes perform various roles to maintain tissue homeostasis. IEC 

exosomes maintain barrier integrity, regulate microbiota growth, control immune cell responses, 

and promote tissue repair [265]. These functions are controlled by protein (i.e., chemokines, 

cytokines, MHC class I/II molecules for immune regulation) and miRNA cargo in exosomes [265]. 

For instance, adaptive immune activation can be initiated via IEC antigen presentation on 

exosomes. MHC-I/II-exposed antigens on the exosomal membrane promote dendritic cell and 

subsequent T-cell activation [266-269]. Antigen presentation efficiency is further enhanced by the 

presence of tetraspanins CD81, CD9, and CD63, which arrange MHC-I/II molecules and their co-

receptors in membrane microdomains augmenting immune signal transmission [270-273]. IEC-

derived EVs are necessary for intestinal tolerogenic responses. The transfer of integrin ανβ6 from 

IEC-derived EVs to dendritic cells induced active TGF-β release resulting in regulatory T-cell 

production and T-cell helper 2 suppression to promote antigen tolerance [274]. Importantly, direct 

exposure of dendritic cells to food antigens promoted latent TGF-β secretion without downstream 

adaptive immunity tolerance [274]. Indeed, TGF-β1-associated EVs from IECs were 

immunosuppressive and inhibited CD4+ T-cell proliferation under control conditions in vitro [275]. 

In the DSS-induced IBD mouse model, IEC ERK pathway activation upregulated EV TGF-β1 

levels which ameliorated intestinal inflammation (decreased IL-1β, IL-6, TNFα, IL-10, IL-22, and 

MPO production; recovered body weight and colon length) through induction of regulatory T-cells 

and suppression of dendritic cell activation [275]. In contrast, CD63+ EVs derived from IECs of 

rats that underwent trauma and hemorrhagic shock showed upregulated MHC class II and Fas 

ligand molecules compared to EVs from sham rats [276]. These EVs induced dendritic cell death 

and suppressed surviving dendritic cell maturation as shown by the reduced CD80, CD86, and 

MHC class II surface expression [276]. Concomitant with the effect of EVs from trauma rats to 

downregulate dendritic cell-mediated lymphocyte proliferation [276], these findings suggest IEC-

derived EV cargo impairs host immune responses. While the immune-modulatory effect of IEC-

derived EVs in macrophages has not yet been explored, serum from DSS-induced colitis mice 

promoted ERK activation, TNFα production, and proteomics alterations involving 56 acute-phase 

proteins and immunoglobulins in macrophages, suggesting their immune activation [277]. In the 

context of PD, the role of IEC exosomes has yet to be uncovered but considering α-SYN is 

transported via these vesicles [278, 279], it could describe a potential mechanism of intestinal 

immune regulation. Thus, extracellular vesicles and exosomes are important for cell-cell 
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communication, homeostatic and pathologic immune responses, and α-SYN transfer, suggesting 

their involvement in gut-derived PD pathogenesis. 

Pathologic α-SYN transfer occurs via multiple pathways, including lysosomal exocytosis, 

tunnelling nanotubes, cell death, or exosomal release, all of which have been proposed as 

pathology propagation mechanisms [245, 280-285]. Due to the involvement of EVs in intestinal 

cell communication and immune modulation, the exosomal transport α-SYN will be introduced 

[265]. Exosomes isolated from the cerebrospinal fluid (CSF) of dementia with Lewy bodies (DLB) 

patients induced α-SYN pathology in the mouse brain [286]. A-SYN PFFs were detected in MVBs 

where they co-localized with the exosomal marker CD63, implying they are sorted for exosomal 

release [287]. Upon release, the majority of α-SYN PFFs were localized on the membrane of the 

CD63+ exosomes as evaluated by transmission electron microscopy experiments [287]. A-SYN 

oligomers were also detected in the exosomal membrane, though a fraction of oligomers was 

discovered in the exosomal lumen [281]. Both α-SYN oligomer- or PFF-carrying exosomes were 

transferred from donor to recipient cells in vitro and this effect was blocked by the exosome 

biogenesis inhibitor manumycin A [281, 287, 288], suggesting that exosomes are a major pathway 

of α-SYN pathology propagation. The EV-mediated α-SYN release mechanism could act in a 

compensatory manner against intracellular α-SYN accumulation as reported in LUHMES neurons 

where ATG5 was silenced to inhibit autophagy [282]. Consistently, EV α-SYN transfer occurs 

between different cell types. Neuron-released exosomes containing α-SYN PFF were uptaken by 

microglia which subsequently released their own exosomes to further propagate the pathology to 

proximal neurons [283]. The specificity of the exosomal pathway was shown in vitro using the 

chemical inhibitor GW4869 [283], which blocks neutral sphingomyelinase 2 involved in ceramide-

dependent exosome generation [289]. This was further corroborated by use of patient CSF-

derived exosomes that were CD11b+ (a marker of microglia) and induced α-SYN pathology when 

injected into the brains of healthy mice [283]. Thus, exosomes participate in α-SYN pathology 

propagation between neurons and immune cells. However, the field of α-SYN propagation 

through EVs is still debated, due to the difficulties of obtaining pure EV fractions [290]. Overall, 

intracellular trafficking perturbations promote exosomal release of pathological α-SYN which 

contributes to PD progression. 

2.6 Microfluidics model systems in intestinal research 

Microfluidics chips are micrometer-scale systems where small liquid volumes are processed and 

are typically fabricated using polydimethylsiloxane (PDMS) offering optical transparency, 

mechanical manipulation, oxygen permeability, and biocompatibility [291]. The technology was 

first introduced to permit capillary electrophoresis in 1990 [292]. Over the years, microfluidics 
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chips have been used as cell culture model systems which provide multiple advantages over 

animal models are regular 2D cultures. The chips are highly modifiable and can be 

compartmentalized to separate cell types or tissue-like structures. Cells are seeded in channels 

carved within the PDMS through inlets and different segments are connected via microchannels 

(same z-plane as the channels), microgrooves (lower z-plane than the channels), or a thin and 

porous PDMS membrane. The channel layout can be modified to establish a specific structure, 

for instance intestinal invaginations, and medium flow permits constant nutrient exchange [293]. 

Additionally, the combination of microfluidics pressure applied by the medium flow and the 

suction-induced mechanical PDMS deformation at a frequency of 0.15 Hz, mimicking the human 

intestinal lumen, promoted villi formation in 2D-seeded Caco-2 intestinal epithelial cells [294]. In 

the same direction, primary human colonic organoids cultured in microfluidics chips resembled 

the anatomy, cell type variability, and transcriptome of human duodenum [295]. Polarity was 

spontaneously achieved with the apical side towards the flowing medium and the basal side on 

top of the PDMS membrane. These resulting cultures formed a tight epithelial barrier, metabolized 

sucrose, and secreted mucin, suggesting their functionality [295]. Overall, gut microfluidic chip 

models and protocols with structural and functional resemblance to the human intestine have 

been developed which allow researchers to perform research in more complex and translatable 

systems. Here, we introduce microfluidics models designed to facilitate human intestinal research 

focusing on the epithelium, microbiota, immune cells, and enteric neurons.  

Caco-2 intestinal cells were cultured in microfluidics devices with different commensal or 

pathogenic bacterial strains under the absence or presence of peripheral blood mononuclear cells 

(PBMCs) as an immune cell model [294, 296, 297]. Technically, devices permitting either aerobic 

or anaerobic bacterial cultures together with or without constant flow were designed and 

characterized. Overall, the combination of Caco-2 with commensal bacteria (probiotic species 

mixture VSL#3, or Lactobacillus rhamnosus GG strain and Bifidobacterium longum) improved 

transcriptomic similarity to the human intestine compared to the absence of bacteria or Caco-2 

cultures outside the chip [294, 296, 297]. Luminal addition of a pathogenic enteroinvasive E. coli 

(EIEC) strain (serotype O124:NM) promoted barrier permeability and induced loss of the 

spontaneously formed villi structures [294]. LPS and commensal E. coli induced the same 

detrimental effects only when combined with PBMCs cultured in the apical side of Caco-2 cells 

[294], suggesting the importance of including immune cells in microbiota-intestinal models. From 

the immune cell perspective, certain chemokines and several pro-inflammatory cytokines (IL-1α, 

IL-1β, IL-2, IL-6, IL-8, IL-12, IFNγ, TNFα, and GM-CSF) were augmented following exposure to 

LPS or EIEC [294, 296]. Thus, immune cell-intestinal epithelium microfluidics co-cultures are 

useful in investigating immune-mediated changes in intestinal health under bacterial exposure. In 
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contrast, the VSL#3 probiotic mixture prevented the EIEC-induced epithelial layer damage [294], 

suggesting the beneficial role commensal bacterial and their competition with pathogenic strains. 

One of the three microbiota-epithelial cell models [297] was further elaborated and published as 

a protocol to include a neuronal chamber below the intestinal epithelial layer, yet it was not 

characterized and the chambers required custom preparation [298]. A feasible neuro-epithelial 

interface was modelled by de Hoyos-Vega et al [299] where primary human colonic organoids 

and primary mouse myenteric ganglia were cultured in two separate microfluidics channels linked 

by microgrooves. Neurons projections extended towards the colonic tissue channel within 3 days, 

and the culture was maintained up to 6 days [299]. Nevertheless, immunohistochemical 

characterization of the cultures or electrophysiological recordings were not performed. Thus, while 

the field of microfluidics provides promising approaches to obtain complex human intestine-like 

models and study host cell type or microbiota-host crosstalk, it is still being developed. The 

microfluidics system difficulties arise from the inherited drawbacks, including the requirement for 

training, reduced affordability, lack of standardization, and low throughput during the initial stages. 

Regarding cell biology, it is necessary to compromise for varying medium and ECM requirements 

for each cell type and optimize the cell culture/differentiation protocol, particularly for human 

induced pluripotent stem-cell(hiPSC)-derived models. A microfluidics gut-to-brain axis is relevant 

to understanding pathology propagation in Parkinson’s disease, where lumen-exposed EECs 

transfer α-SYN aggregates to synaptically-connected enteric neurons [162, 163]. We focused on 

using iPSC-derived models due to published intestinal organoid or neuron differentiation protocols 

[300, 301], the ability to biobank iPSCs, and potential to perform personalized studies. Therefore, 

we differentiated enteric-like neurons on one channel of a commercially available microfluidics 

system. We aimed to derive hiPSC-derived colonic organoids or use commercial enteroendocrine 

cells (HuTu-80) for culture in the second channel of the chip, a microfluidics model which could 

be generally employed to study EEC-neuron crosstalk following bacterial cell or bacterial product 

exposure to EECs. 
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3. Aim 
The cellular pathways and triggers of intestinal-derived PD pathogenesis are an active area of 

investigation, particularly in the context of microbiota dysbiosis. The bacterial amyloid CsgA has 

been shown to exacerbate neurodegenerative disease progression; however, whether and 

through which mechanisms it can initiate PD in the human intestine remains unclear.  

The primary objective of this doctoral project is therefore to determine how CsgA impairs EEC 

function and whether this contributes to the initiation of PD pathogenesis. To address this, the 

human intestinal cell line HuTu-80 was treated with purified CsgA or curli fibers derived from E. 

coli, followed by live-cell imaging to monitor cellular uptake. A comprehensive characterization of 

EEC alterations associated with PD-related processes was obtained through proteomic analyses. 

The immune effect of CsgA-exposed EECs was studied by treating HuTu-80-derived extracellular 

vesicles to hiPSC-derived macrophages. A-SYN pathology was assessed following direct 

exposure of HuTu-80-derived EECs to CsgA or E. coli, as well as indirectly through treatment of 

peripheral neuron-macrophage co-cultures with EEC-derived extracellular vesicles. Finally, a 

peripheral neuron-enteroendocrine microfluidics co-culture was developed to enhance model 

complexity and physiological relevance, enabling the validation of candidate pathways. 

To investigate the hypothesis of this project, the following points were addressed: 

Part 1 – CsgA as a trigger of intestinal Parkinson’s disease: 

1) Do enteroendocrine cells uptake CsgA? 

2) How does CsgA impact enteroendocrine cell function? 

3) What is the immune response of enteroendocrine cells exposed to CsgA? 

4) Can CsgA initiate α-SYN pathology in the human intestine? 

Part 2 – Development of a neuron-enteroendocrine microfluidics co-culture model to 

monitor pathology propagation 
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4. Materials & Methods 

4.1 CsgA cloning and sequencing 

4.1.1 CsgA cloning and bacterial transformation 

The plasmid pET-11d containing the CsgA-WT sequence without the secretion signal and with a 

6xHis-tag at the C-terminus was provided by the Otzen laboratory. The DNA oligonucleotide of 

CsgA-R12343 without the secretion signal and with a 6xHis-tag at the C-terminus was obtained 

from Integrated DNA Technologies and was cloned into the pET-11d plasmid. Both CsgA-WT and 

CsgA-R12343 lacked the secretion signal (first 20 amino acids with the exception of the start 

codon) to maintain the produced proteins within the bacteria. CsgA-R12343 (100 ng) was 

digested with 0.1 U NcoI (ThermoFisher) and 0.1 U BamHI (ThermoFisher) in 1x Tango Buffer 

(ThermoFisher) in 50 μL total volume at 37oC for 20 minutes. A total of 1 μg of pET-11d-CsgA-WT 

was digested with the same enzymes at 1 U each to obtain the digested pET-11d vector. 

Restriction enzymes were inactivated by a 20-minute incubation at 80oC. Successful digestion of 

the vector was verified by loading 100 ng of digested DNA onto 1.5% agarose (Sigma Aldrich) gel 

with 4% Midori Green Advance (Dutscher). The digested vector was excised from the gel using 

the QIAquick Gel Extraction Kit (QIAGEN) and its concentration was quantified by nanodrop. 

CsgA-R12343 was ligated to pET-11d by mixing 50 ng of of vector with 11.46 ng insert, 1x T4 

DNA ligase buffer (New England Biolabs), and 1 μL T4 DNA Ligase (New England Biolabs) at 20 

μL total volume. The reaction mixture was incubated at room temperature for 2 hours. The ligated 

product was cloned in One Shot TOP10 Chemically Competent E. coli (ThermoFisher) following 

manufacturer’s instructions using 100 ng/mL ampicillin (Carl Roth) to select for transformed 

bacteria. Ten colonies were picked to be lysed and to perform a sequencing PCR (see section 

below). After sequence verification, 1 ng of pET-11d-CsgA-R12343 or pET-11d-CsgA-WT was 

transformed in NiCo21 (New England Biolabs) following manufacturer’s instructions. The plasmid 

and CsgA sequences are in the Appendix. 

 

4.1.2 Polymerase Chain Reaction (PCR) 

The plasmids pET-11d-CsgA-WT-6xHis and pET-11d-CsgA-R12343-6xHis were extracted from 

bacteria using the QuickLyse Miniprep Kit (QIAGEN). DNA input of 100 ng was mixed with 1 μM 

forward and reverse primers, 0.2 mM dNTPs (ThermoFisher), 1x Colorless Reaction Buffer 

(Promega), and GoTaq Polymerase (Promega) in ddH2O to a total of 20 μL. PCR was performed 

in a VeritiPro (Agilent Biosystems) thermocycler with the following settings: 95oC for 2 minutes, 

30x (95oC for 15 seconds, 57oC for 20 seconds, 72oC for 1 minute), 72oC for 5 minutes, store at 
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4oC. Part of the resulting product (5 μL) was tested by running a 1.5% agarose (Sigma Aldrich) 

gel with 4% Midori Green Advance. The remaining PCR reaction underwent sodium 

acetate/ethanol precipitation (120 mM sodium acetate in EtOH) and the DNA pellet was 

resuspended in 10 μL ddH2O. DNA input of 4 μL was mixed with 1 μM of primer (one primer per 

reaction), 1.4 μL of BigDye v3.1 (ThermoFisher) and 1x Terminator Sequencing buffer to a total 

volume of 15 μL. PCR was performed following manufacturer’s instructions, prior to sodium 

acetate/ethanol precipitation. The DNA pellets were resuspended in 14 μL ddH2O and half of the 

preparation was mixed with 10 μL formamide (Sigma Aldrich) and 3 μL of ddH2O. The solution 

was sequenced using a 3500 Genetic Analyzer (Agilent Biosystems). PCR primer sequences are 

written in the Appendix (Supplementary Table 1). Sequences were aligned using Clustal Omega 

(RRID:SCR_001591, https://www.ebi.ac.uk/jdispatcher/msa/clustalo). 

 

4.2 Protein purifications, processing, and labeling 

4.2.1 CsgA monomer purification 

The same purification procedure was used for both CsgA-WT and CsgA-R12343. Small cultures 

were grown overnight at 37°C in commercial Luria-Bertani broth (LB, Carl Roth) containing 100 

μg/mL ampicillin. The next day, cultures were diluted 1:100 in 5 L Erlenmeyer flasks containing 

900 mL of 1:1 LB and Terrific Broth (TB) mixture supplemented with 100 μg/mL ampicillin. TB 

consisted of 24 g/L yeast extract (Gibco), 20 g/L tryptone (Gibco), 0.4% v/v glycerol (Sigma-

Aldrich), 17 mM KH₂PO₄ (Sigma-Aldrich) and 72 mM K₂HPO₄ (Carl Roth). When the cultures 

reached an optical density (OD) of 1.7, CsgA expression was induced with 100 μM isopropyl-β-

D-thiogalactopyranoside (IPTG, Invitrogen). After 2 hours, the bacteria were pelleted and 

resuspended in lysis buffer containing 6 M guanidine hydrochloride (Sigma-Aldrich), 50 mM Tris-

HCl (pH 7.3) and 40 mM imidazole (Sigma-Aldrich). Lysis was performed overnight at 4°C with 

gentle shaking. The following day, lysates were sonicated at 30% amplitude for 30 seconds 

(Q700, QSonica) and centrifuged at 17,000 × g for 20 minutes. The supernatant was filtered 

through a 0.22 μm PES filter (Thermo Fisher) and applied to an equilibrated 6×His fast protein 

liquid chromatrography (FPLC) column (two Cytiva HisTrap™ FF 5 mL columns) using an ÄKTA 

purifier system. The bound protein was eluted with a gradient of elution buffer (6 M guanidine 

hydrochloride, 50 mM Tris, 500 mM imidazole, pH 7.3). The eluted protein was concentrated using 

Amicon Ultra-4 3 kDa cut-off filter units (Millipore). Purified CsgA was stored at -80°C until use. 

For assays or treatments, the protein was desalted by passing through a HiTrap Desalting 5 mL 

column (Cytiva) and replacing the buffer with PBS. 

 

 

https://www.ebi.ac.uk/jdispatcher/msa/clustalo
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4.2.2 Curli purification 

Curli was purified from E. coli according to the published protocol Sivaranjani et al [302]. Small 

overnight cultures grown at 37°C were diluted 1:100 in 2 × 150 mL YESCA medium [10 g/L 

casamino acids (Gibco), 1 g/L yeast extract] in 250 mL Erlenmeyer flasks supplemented with 4% 

dimethylsulfoxide (DMSO, Sigma-Aldrich). Cultures were incubated at 26°C for 3 days at 150 rpm 

to promote biofilm formation. Bacteria were pelleted by centrifugation and resuspended in 10 mM 

Tris-HCl (pH 8.0, Sigma-Aldrich) containing RNase A (Sigma-Aldrich), DNase I (Sigma-Aldrich) 

and 1 mM MgCl2 (Sigma-Aldrich). The suspension was incubated at 37°C for 20 minutes, followed 

by treatment with lysozyme (Sigma-Aldrich) for 40 minutes and incubation with 1% SDS (Carl 

Roth) at 37°C for 20 minutes. Curli were pelleted by centrifugation at 15,300 × g for 10 minutes 

and resuspended in 10 mM Tris-HCl (pH 8.0). The suspension was boiled at 95°C for 10 minutes, 

followed by a second round of RNase A, DNase I and lysozyme treatment. Curli was again 

pelleted at 15,300 × g for 10 minutes, washed with 10 mM Tris-HCl (pH 8.0) and resuspended in 

2× reducing Laemmli SDS sample buffer (Thermo Fisher). The sample was loaded onto a 12% 

polyacrylamide gel (with a 3% stacking gel) and electrophoresed at 120 V for 2 hours. Curli was 

collected from the top of the stacking gel with a needle, washed three times with distilled water 

and resuspended in 1 mL PBS. Protein concentration was assessed using BCA assay 

(ThermoFisher) and the protein was aliquoted and stored at -80oC at a final concentration of 1.5-

2.0 mg/mL. 

 

4.2.3 CsgA and Curli labelling 

CsgA-WT was labeled using the Alexa Fluor™ 594 Protein Labeling Kit (Cat #A10239, Thermo 

Scientific) according to the manufacturer’s instructions using 200 μL of 2 mg/mL CsgA-WT diluted 

in PBS. Curli were labeled using the PE/Atto 594 Conjugation Kit – Lightning-link® (Cat 

#ab269900, Abcam) according to the manufacturer’s instructions using 60 μL of 1 mg/mL 

sonicated curli in PBS. 

 

4.2.4 A-SYN PFF generation 

A-SYN PFFs were generated as described by Singh et al [303]. Lyophilized monomers were 

resuspended at a concentration of 5 mg/mL in 500 μL of A-SYN buffer containing 50 mM Tris-HCl, 

150 mM KCl (Sigma Aldrich), pH 7.5. The concentration was measured at 280 nm using a 

nanodrop and applying the Beer-Lambert’s law using a molar absorption coefficient (ε) of 5,960 

M-1 cm-1. The resuspended monomers were centrifuged at 23,000 x g for 30 minutes at 4oC to 

pellet any aggregates. The supernatant (α-SYN monomers) was moved into a new tube and 

incubated at 37oC for 168 hours (one week) at 1,000 rpm. Generated fibrils were centrifuged at 
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23,000 x g for 10 minutes at room temperature and then resuspended in 250 μL of α-SYN buffer. 

A small amount (5 μL) of fibrils was mixed with equal volume of 8 M guanidine hydrochloride and 

incubated for 1 hour at room temperature. This aliquot was used to measure fibril concentration 

using a nanodrop as described for the α-SYN monomers. The α-SYN PFF concentration was 

adjusted to 5 mg/mL, aliquoted, and stored at -80oC. 

 

4.2.5 A-SYN PFF and curli sonication 

A-SYN PFFs and curli were sonicated using a cup horn attached to the Q700 sonicator (Qsonica). 

The temperature was set at 15oC, and sonication was performed with the following settings: 30% 

amplitude, 22.5 minutes of sonication time, 3 seconds on, 2 seconds off. The sonicated proteins 

were used immediately afterwards for cell treatments. 

 

4.3 Bacteria cultures 

4.3.1 E. coli culture for biofilm formation 

For biofilm formation, E. coli K12 (WT) and E. coli K12 ΔcsgBAC [107] were grown on YESCA 

with 20 g/L agar (Gibco) plates for 48 hours at 26°C. To assess biofilm formation, 25 μg/mL of 

Congo Red (Sigma-Aldrich) was added either to the YESCA agar prior to preparing the plates or 

directly into the liquid YESCA medium. Bacterial optical density was measured at 600 nm using a 

VICTOR Nivo Microplate Reader. A standard curve of bacterial ODs with known colony forming 

units per mL (CFU/mL) was prepared by growing serial dilutions on agar plates and counting the 

colonies. These values were used to convert bacterial ODs to CFU/mL for E. coli-HuTu-80 co-

cultures. 

 

4.3.2 E. coli-HuTu-80 co-culture 

For the co-culture of HuTu-80 cells with E. coli, bacteria were first scraped off the agar plates into 

1 mL of YESCA medium, and the OD600 was measured. An MOI of 100 was used for 4 hours of 

co-culture, after which 20 μg/mL of gentamycin (Carl Roth) were added. The medium was 

refreshed every other day, with fresh E. coli added each time, for a total duration of 7-10 days in 

vitro (DIV) of the HuTu-80 culture. 

 

4.3.3 E. coli bacterial growth assay 

For the effect of HuTu-80 supernatant and α-SYN on E. coli growth, the strain E. coli K12 was 

grown overnight in LB medium at 37oC at 200 rpm. Conditioned HuTu-80 supernatant was 

concentrated approximately 13-fold using Amicon Ultra-4 3 kDa cut-off filter units (Millipore) by 
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centrifuging at 3,220 x g for 30 minutes at 4oC. These filter units remove any antibiotics from the 

conditioned medium. Bacterial OD at 600 nm was measured, the bacteria were pelleted by 

centrifugation at 3,220 x g for 5 minutes and resuspended at OD = 1. Concentrated conditioned 

HuTu-80 supernatant at 50% v/v, or ampicillin (100 μg/mL) were mixed with E. coli at a final 

volume 200 μL in LB medium, and each sample was pipetted in triplicate in 96-well Half Area 

Black/Clear Flat Bottom Polystyrene non-binding surface Microplates (Corning). The starting OD 

for each experiment is indicated in the respective graphs. The plate was sealed with optical 

adhesion film and was placed in a VICTOR Nivo (Revvity) spectrophotometer pre-equilibrated at 

37oC. Bacteria OD at 600 nm was measured every 2 hours for up to 16 hours. 

 

4.3.4 A. muciniphila culture 

A. municiphila was grown by inoculating 2x109 CFU/mL in 50 mL brain-heart infusion broth (BHI, 

37 g per 1 L of ddH2O, Sigma-Aldrich) and incubating at 37oC for 42 hours under anaerobic and 

static conditions at Benoit Chassaing’s laboratory at Paris Pasteur Institute. The bacteria were 

centrifuged at 3,220 x g for 20 minutes at 4oC, and the supernatant was concentrated in Amicon 

Ultra-4 3 kDa cut-off filter units by centrifuging twice at 3,220 x g for 30 minutes at 4oC. The 

concentrated supernatant was passed through a 0.22 μm PES filter and stored as aliquots at -

80oC. Concentrated BHI medium was used as the negative control. 

 

4.4 Cell culture 

4.4.1 HuTu-80 cell culture  

HuTu-80 (RRID:CVCL_1301, Cytion) were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) with 10% FBS and 1X Penicillin/Streptomycin (all from Gibco). Medium was changed 

twice a week, the cells were split once a week with Accutase (Stem Cell Technolgoies), and they 

were grown at 37oC and 5% CO2. For experiments cells were seeded at a density of 200,000 cells 

per well in 12-well plates for 3 days or 10,000 cells per well in 6-well plates (Corning) for 8-11 

days of culture. 

 

4.4.2 Caco-2, Colo-320DM, and HT-29 cells 

Caco-2 (Cat #300137, RRID:CVCL_0025, Cytion) and HT-29 cells (Cat #300215, 

RRID:CVCL_0320, Cytion) were cultured using cultured using EMEM with 2 mM Glutamine, 2.2 

g/L NaHCO3, and EBSS (Cat #820100a, Cytion). Colo-320DM (Cat #300153, RRID:CVCL_0219, 

Cytion) were cultured using Ham's F12 with 1.0 mM stable Glutamine, 1.0 mM Sodium pyruvate, 

and 1.1 g/L NaHCO3 (Cat #820600a, Cytion). Cells were seeded at a density of 300,000 cells per 
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well of a 12-well plate and medium was refreshed twice a week. Confluent 6-well plates were 

lysed and the protein was quantified as described in the “Western blot” section. 

 

4.4.3 THP-1 cell culture 

THP-1 cells (RRID:CVCL_0006) were purchased from Sigma Aldrich and cultured in RPMI-1640 

(Sigma Aldrich) with 10% FBS, 1X GlutaMAX (Gibco), and 1X Penicillin/Streptomycin. Cells were 

maintained at 37°C in a humidified incubator with 5% CO₂ and split once a week. For 

differentiation into macrophages, THP-1 cells were seeded at a density of 800,000 cells per well 

in 12-well plates (Corning) and treated with 50 ng/mL phorbol 12-myristate 13-acetate (PMA, 

Sigma-Aldrich) for 48 hours. Following differentiation, the cells were cultured for an additional 48 

hours without PMA before treatment. Cells were then exposed to PBS (Gibco), CsgA-WT, CsgA-

R12343, or Curli for 6 hours. After treatment, the supernatant was collected, and the cells were 

lysed for further analysis. 

 

4.4.4 Human iPSC and neural precursor cell (NPC) maintenance 

KOLF2.1J (RRID:CVCL_B5P3, Jackson Laboratory) and control cell line 1 iPSCs [304] were kept 

on 300 μg/mL Matrigel-coated plates and were maintained in mTeSR plus (Stem Cell 

Technologies) medium at 37 °C and 5% CO2. Medium was changed every other day, and cells 

were split with Accutase once a week. Control cell line 1 NPCs (previously derived using the 

protocol from Reinhardt et al [301]) were kept on 300 μg/mL Matrigel-coated plates and were 

maintained in NPC basal medium [50% Advanced DMEM/F12 (Gibco), 50% Neurobasal (Gibco), 

0.5x N-2 (Fisher Scientific), 0.5x B-27 without vitamin A (ThermoFisher), 1x GlutaMAX, 1x 

Penicillin/Streptomycin] supplemented with 3 μM CHIR99021 (Sigma), 0.5 μM purmorphamine 

(Merck), and 150 μM ascorbic acid (Sigma) at 37 °C and 5% CO2. Medium was changed every 

other day, and cells were split with Accutase once a week. Y-27632 (Selleck Chemicals) was 

included during the splitting, freezing, and thawing of the cells, and was removed the following 

day. 

 

4.4.5 Embryonic body differentiation for macrophage precursor production 

Human induced pluripotent stem cells were detached with Accutase and seeded in an AggreWell 

800 (Stem Cell Technologies) at a density of 4 million cells per well. The differentiation was 

performed using the protocol from Haenseler et al [305]. Medium was changed daily between day 

0 and day 7. The medium between day 0 and 3 consisted of mTeSR Plus supplemented with 50 

ng/mL BMP4 (Proteintech), 50 ng/mL VEGF (ImmunoTools), and 20 ng/mL SCF (ImmunoTools). 

On day 4, embryonic bodies (EBs) were collected from the AggreWell and were transferred to a 



40 
 

40 μm strainer over a 50 mL falcon tube. Then, the EBs were moved to a 6-well plate using a 

cropped tip at a density of 15-20 EBs per well. From day 4 onwards, the medium consisted of 

basal factory medium of X-Vivo15 (Biozym) containing 1X Glutamax (Gibco), 1X 

Penicillin/Streptomycin, and 55 μM b-mercaptoethanol (Sigma) supplemented with 100 ng/mL M-

CSF (Proteintech) and 25 ng/mL IL-3 (Immunotools). From this point onwards the medium was 

changed once a week. 

 

4.4.6 Macrophage differentiation and treatments 

Floating macrophage precursors were collected from the medium of producing EB factories and 

were seeded at a density of 200,000 cells per well in a 12-well plate pre-coated with Matrigel 

(Corning). The precursors were cultured for 7 DIV with basal factory medium supplemented with 

100 ng/mL M-CSF. The medium was changed every 3-4 days. After 7 DIV, the macrophages were 

treated with HuTu-80 EVs at a concentration of 2 μg/mL for 48 hours. For the 48 hours endpoint, 

the supernatant and cell lysates were collected for cytokine measurements and protein 

quantification with the bicinchoninic acid (BCA, Fisher Scientific) assay, respectively. If the 

experiment continued to evaluate the macrophage response to a second inflammatory trigger 

(LPS), cells were washed and allowed to rest in macrophage medium for 48 hours. Macrophages 

were then treated with 100 ng/mL LPS (or H2O control) for an additional 24 hours prior to 

supernatant and cell lysate collection. 

 

4.4.7 Peripheral neuron differentiation 

Peripheral neurons were differentiated from NPCs using the protocol from Reinhardt et al [301]. 

NPCs were seeded at a density of 1.4 million cells / well in a 6-well plate pre-coated with Matrigel 

in NPC basal medium supplemented with 3 μM CHIR99021, 0.5 μM purmorphamine, and 150 μM 

ascorbic acid. Two days post-seeding, the medium was switched to NPC basal supplemented 

with 3 μM CHIR99021 to initiate differentiation (Day 0). On day 2, 10 ng/mL BMP4 were 

supplemented to NPC basal medium. The medium was refreshed every other day until day 10. 

On day 10, the medium was switched to final neuronal medium [NPC basal medium 

supplemented with 10 ng/mL BDNF (Peprotech), 10 ng/mL GDNF (Peprotech), and 500 μM 

dibutyryl-cAMP (MedChem Express)] for 24 hours. On the same day, 12-well plates were pre-

coated with Matrigel for 30 minutes at 37oC followed by 1 μg/mL laminin (ThermoFisher) diluted 

in PBS overnight at 37oC. On day 11, cells were split with Accutase and seeded at a density of 

100,000 cells / cm2 (corresponding to 380,000 cells in a well of a 12-well plate) in final neuronal 

medium supplemented with 10 μM Y-27632 (Selleck Chemicals). On day 12, the medium was 
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refreshed to remove Y-27632, and cells were fed by half medium changes every other day. Cells 

were considered mature from day 21 onwards. 

 

4.4.8 Peripheral neuron and macrophage co-culture 

Induced PSC-derived macrophages precursors were first cultured in 12-well plates for 7 days as 

described in the “Macrophage differentiation and treatments” section. Peripheral neurons and 

macrophages were combined on day 21 of the peripheral neuron differentiation protocol, 

considered day 0 of the co-culture. Macrophages were detached with a 5-minute Accutase 

incubation and were seeded at a density of 380,000 cells / well of a 12-well plate either with 

control line 1 NPC-derived peripheral neurons or alone. On day 1, the cells were used for 

treatments. 

 

4.4.9 Microfluidics peripheral neuron/enteroendocrine cell co-culture 

Netri Dualink Ultra microfluidics chips were activated and hydrated as by manufacturer’s 

instruction and were coated with 300 μg/mL Matrigel in DMEM for 30 minutes at 37oC followed by 

10 μg/mL laminin in PBS at 37oC overnight. Control NPC line 1 [304] neural crest-like cells on 

day 11 of differentiation were seeded in one side channel of the microfluidics chip at a density of 

150,000 cells / cm2 in neuronal maturation medium. The medium was also added in the other 

channels. Following 48 hours, the volume of the second side channel was reduced to half but the 

medium composition included double BDNF and GDNF concentration (20 ng/mL) to promote 

neuronal projection growth towards this channel. Half-medium changes were performed every 

other day in the chips following manufacturer’s instructions for the whole duration of the protocol. 

At day 22 of the peripheral neuron differentiation protocol (11 days after seeding the NCLCs in 

the chips), HuTu-80 were seeded in the second channel at a density of 15,000 cells / cm2 in 50% 

Advanced DMEM/F12, 50% Neurobasal, 0.5x N-2, 0.5x B-27 without vitamin A, 1x GlutaMAX, 

10% FBS, 1x penicillin/streptomycin, 10 ng/mL BDNF, 10 ng/mL GDNF, and 500 μM dibutyryl-

cAMP. The medium in the middle channel consisted of neuronal maturation medium. The cells 

were kept in culture until day 29 of the peripheral neuron differentiation protocol (day 7 of the co-

culture). 

 

4.4.10 Intestinal organoids 

Intestinal organoids were generated from iPSCs following the protocol from Crespo et al [300]. 

80-85% confluent hIPSCs were switched to RPMI medium supplemented with 1x 

GlutaMAX/Penicillin/Streptomycin (basal medium 1) with 3 μM CHIR and 100 ng/mL Activin A 

(ImmunoTools) on day 1. The medium was changed to basal medium 1 with Activin A and 0.2% 
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FBS on day 2. The FBS concentration increased to 2% on day 3. On days 4-7, basal medium 1 

was supplemented with 1x B27 without vitamin A (basal medium 2), 3 µM CHIR, and 500 ng/ml 

FGF4 (Proteintech) and the medium was changed daily. On day 8, the cells were switched to the 

final human intestinal organoid (HIO) medium, which consisted of basal medium 2 with 3µM CHIR, 

300 nM LDN193189 (Axon MedChem), and 100 ng/ EGF (Sigma-Aldrich). The medium was 

changed every other day and on days 15-20 floating intestinal organoids were collected with a 

needle and a tip and were cultured in Matrigel domes. HIOs in domes were split every 8-12 days 

and were kept in culture for up to 10 passages. For culture in 2D using 12-well plate transwells 

(CellQART), organoids were dissociated as single cells using Accutase for 10 minutes and gentle 

pipetting. Cells were centrifuged at 300 x g for 3 minutes prior to being seeded at a density of 

3.75 x 105 cells / cm2. Cells were allowed to grow until the covered the whole surface of the 

transwell (8-10 DIV). 

 

4.4.11 Cell treatments 

HuTu-80 cells were treated with 50 μg/mL CsgA-WT or CsgA-R12343, or 20 μg/mL sonicated 

curli fibers for 48 hours. PBS was used as a negative control. Lysosomal degradation was blocked 

by use of 10 nM bafilomycin A1 (bafA1, Invivogen) or 10 μM chloroquine (CQ, Invivogen) for 4 

hours prior to amyloid treatment, and an additional 48 hours post-treatment. IFNg was added at 

a concentration of 0.2 ng/mL every other day for up to 10 DIV (for α-SYN aggregation 

experiments). A-SYN monomers were treated to HuTu-80 at a concentration of 50 μg/mL for 48 

hours and were refreshed every 48 hours for up to 10 DIV. A-SYN PFF were treated at a 

concentration of 0.5 μM every other day for HuTu-80 or 2 μM at day 1 and day 3 for the 

neuron/macrophage co-cultures (concentrations corresponding to monomers). CBE 

(MedChemExpress) was added at a concentration of 50 μM for 48 hours and refreshed every 48 

hours for experiments up to 10 DIV. Lipopolysaccharide (LPS) from E.coli O111:B4 (Invivogen) 

was added at a concentration of 10, 100, 1000 ng/mL for 48 hours and was refreshed every 48 

hours for up to 10 DIV. Sodium nitrite (NaNO2, Sigma-aldrich) was added at a concentration of 20 

μM for 48 hours and was refreshed every 48 hours for up to 10 DIV. A summary of all reagents is 

given on the table below. 
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Table 1. Proteins and chemicals used for HuTu-80 treatments. 

Reagent Concentration Duration Up to 10 DIV? 

CsgA-WT 50 μg/mL 48 hours In certain experiments 

CsgA-R12343 50 μg/mL 48 hours No 

Sonicated curli 20 μg/mL 48 hours In certain experiments 

BafA1 10 nM 4+48 hours No 

CQ 10 μM 4+48 hours No 

IFNg 0.2 ng/mL 48 hours In certain experiments 

A-SYN monomers 50 μg/mL 48 hours Yes 

A-SYN PFF 0.5 μM (for HuTu-80) 48 hours Yes 

CBE 50 μM 48 hours In certain experiments 

LPS 10, 100, 1000 μg/mL 48 hours Yes 

NaNO2 20 μM 48 hours Yes 

A. muciniphila 

conditioned medium 

1% or 5% 48 hours Yes (for 1%) 

No (for 5%) 

E. coli WT 

or ΔcsgBAC 

MOI 100 48 hours Yes 

 

 

THP-1 derived macrophages were treated with 50 μg/mL CsgA-WT or CsgA-R12343, or 20 μg/mL 

sonicated curli fibers for 48 hours. PBS was used as a negative control. Human iPSC-derived 

macrophages were treated on day 7 with 2 μg/mL HuTu-80 extracellular vesicles for 48 hours. On 

day 7, LPS was used as a positive control for cytokine release at a concentration of 100 ng/mL 

for 24 hours. For certain experiments, macrophages were washed and allowed to recover for 48 

hours following EV treatment, when 100 ng/mL LPS or vehicle control (H2O) were added for an 

additional 24 hours. On day 1 of the co-culture, human iPSC-derived peripheral 

neuron/macrophage co-cultures were treated with 2 μg/mL EVs derived from HuTu-80 treated 

with PBS, CsgA-WT, or CsgA-R12343 or curli. A-SYN monomers were co-treated with EVs at a 

concentration of 50 μg/mL. Certain wells were only treated with 50 μg/mL α-SYN monomers or 2 

μM sonicated α-SYN pre-formed fibrils, as negative and positive controls, respectively, for the α-

SYN seed amplification assay (SAA). On day 3, a second treatment with the same conditions was 

performed. The cells were washed on day 5, a medium change was performed on day 7, and 

cells sorted on day 8. 
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4.4.12 HuTu-80-TMEM192-3xHA line generation  

HuTu-80 stably expressing TMEM192-3xHA were generated by lentiviral (ΔU3 SIN) transduction 

with pLJC5-Tmem192-3xHA (RRID:Addgene 102930). Transduction was performed by splitting 

the cells at 60% confluence and infecting them with 10 μL of virus (or medium as the non-infected 

control) using 1 μg/mL polybrene (Sigma-Aldrich) in 5 mL of DMEM without FBS or antibiotics. 

After 6 hours, 5 mL of complete DMEM (supplemented with FBS and penicillin/streptomycin) were 

added to the cells. Forty-eight hours post-infection, cells were selected in medium containing 0.5 

μg/mL puromycin (Invivogen) for 72 hours, after which the concentration was reduced to 0.25 

μg/mL for an additional 72 hours. Single cells were then plated in a 96-well plate (Corning) with 

selection medium to allow for colony formation. The resulting colonies were maintained in culture 

in standard growth medium without puromycin and were biobanked prior to experimentation. 

 

4.5 Characterization Assays 

4.5.1 Thioflavin-T (ThT) assay 

Freshly purified CsgA-WT or CsgA-R12343 monomers, or sonicated curli fibers were mixed with 

20 μM thioflavin T (ThT; Sigma-Aldrich, T3516) in PBS (pH 7.4) at the concentrations and time 

periods indicated in the respective figure legends. For cross-seeding experiments, 2 μM CsgA-

WT were incubated with 50 μg/mL α-SYN monomers. All mixtures were incubated at 37oC under 

constant shaking conditions. Fluorescence readings (excitation at 450 nm, emission at 510 nm) 

were taken every 5 minutes for the first 24 hours and then every 24 hours thereafter. The assays 

were performed in a 96-well black/clear flat-bottomed polystyrene non-binding surface microplate 

(Corning) using the VICTOR Nivo Microplate Reader. 

 

4.5.2 Transmission electron microscopy (TEM) 

A total of 20 μM of pure CsgA-WT, CsgA-WT-594, CsgA-R12343, curli, or sonicated curli were 

loaded on Formvar/Carbon Supported Copper Grids (Electron Microscopy Sciences) for 2 

minutes. Excess liquid was discarded from the grid using a Whatman Quantitative Filter Paper 

(Sigma-Aldrich). A total of 2 μg of extracellular vesicles were loaded on the same grids until the 

droplet dried. Negative staining was performed by a 2-minute incubation (for bacterial amyloids) 

or a 30-second incubation (for EVs) of the grids with 2% uranyl acetate solution. The dye was first 

passed through a 0.22 μm filter to remove chunks. Excess liquid was removed using a Whatman 

filter paper. For bacterial amyloids, the grids were washed three times with 2-minute incubations 

of double-distilled water (ddH2O). Grids were stored at RT until imaging. Image acquisition was 
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performed by the Quant platform of the Paris Brain Institute (ICM) using a JEOL JEM-1011 

electron microscope. 

 

4.5.3 Nanoparticle Tracking Analysis (NTA) 

Extracellular vesicles samples in (1 μg in 100 μL) of PBS pH 7.4 were diluted 1 in 250. NTA 

analysis (particle concentration, size) was performed using the ZetaView x30 (Particle Metrix) 

instrument and the ZetaView 1.1 software (Particle Metrix). The analysis was performed by the 

EVe facility at the Institute for Regenerative Medicine and Biotherapy at Montpellier. 

 

4.5.4 Coomassie staining 

SDS-page gels were washed three times for 10 minutes each in distilled water and incubated with 

Colloidal Coomassie solution overnight at room temperature. The staining solution consisted of 

0.02% (w/v) Coomassie Brilliant Blue G 250 (Merck), 5% (w/v) NH4Al(SO4)2 (Merck), 10% (v/v) 

ethanol (VWR), and 2% (v/v) ortho-phosphoric acid (Sigma). The gel was washed three 5-minute 

washes with ddH2O prior to imaging using a ChemiDoc MP (BioRad). The gel was imaged using 

a ChemiDoc MP. 

 

4.6 Experimental Assays 

4.6.1 Extracellular vesicle purification 

Extracellular vesicle-free FBS was generated by ultra-centrifuging FBS at 100,000 x g using the 

rotor SW41 (Beckman) overnight at 4oC. HuTu-80 were cultured in extracellular vesicle-free 

medium for the duration of the treatments (1x 10 cm dish per condition). Following the 48-hour 

cell treatment, cell culture supernatant was collected and subjected to serial centrifugations of 

increasing g force as described by Théry et al [306]. All centrifugations were performed at 4oC. 

Initially, the supernatant was centrifuged at 300 x g for 5 minutes to pellet the cells. The resulting 

supernatant was centrifuged at 2,000 x g for 20 minutes, followed by centrifugation at 10,000 x g 

for 30 minutes to pellet dead cells and debris, respectively. The new supernatant was 

ultracentrifuged at 100,000 x g for 80 minutes using the rotor SW41 to pellet the extracellular 

vesicles. The supernatant was discarded, and the pellet was resuspended in 1.5 mL PBS and 

transferred to 1.5 mL polypropylene ultracentrifuge tubes to be centrifuged at 100,000 x g for 70 

minutes using the rotor TLA-55 (Beckman). The supernatant was again discarded and the 

extracellular vesicles were resuspended in PBS (for transmission electron microscopy, 

nanoparticle tracking analysis, or macrophage treatment) or lysed directly with 50 μL of 1% Triton 

X (Carl Roth) in TBST [Tris-Buffered Saline containing 0.1% Tween-20 (Sigma-Aldrich)] 
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supplemented with protease and phosphatase inhibitors (for Western blot or ELISA). The 

preparations were kept at 4oC (in PBS) up to 3 days or at -80oC (as lysates). Protein concentration 

was determined using the MicroBCA Protein Assay Kit (ThermoFisher). 

 

4.6.2 A-SYN seed amplification assay (SAA) by real-time quaking-induced conversion (RT-

QuIC) 

Peripheral neuron or macrophage cell lysates (1.6 μg in 85 μL in 1% Triton X in PBS) of each 

treatment condition and biological replicate were prepared. Cell sample (1 μL) was transferred 

into tubes containing 120 μL PBS.  For each test, 2 μL of the diluted sample was plated in 98 µl 

of reaction buffer composed of 40 mmol/L phosphate buffer (ThermoFisher), 170 mmol/L NaCl, 

10 μmol/L ThT, 0.1 mg/ml recombinant α-SYN, and 0.0015% SDS, and 6 silica beads of 0.8 mm 

diameter (OPS Diagnostic). The plate was sealed with a plate sealer film (Nalgene Nunc 

International, Rochester, NY) and then incubated at 42°C in a BMG FLUOstar Omega plate reader 

with cycles of 1-minute shaking (400 rpm double orbital) and 1-minute rest. The fluorescence 

measurements (450 ± 10 nm excitation and 480 ± 10 nm emission; bottom read) were taken every 

45 min. Three technical replicate reactions were tested for each sample. Single reactions were 

considered positive if their fluorescence exceeded 10% of the plate's maximum. Samples were 

considered positive when 2 out of 3 replicate wells exceeded the ThT threshold within the 

established cut-off at 30 h. 

 

4.6.3 Enzyme-linked immunosorbent Assay (ELISA)  

TNFα levels were measured in the diluted (1:50) supernatant of THP-1-derived macrophage 

culture medium using the Human TNF-alpha DuoSet ELISA kit (R&D Systems, DY210), according 

to the manufacturer's instructions. A-SYN levels in HuTu-80 cell supernatant (final dilution 1:500) 

or EV lysates (final dilution 1:50) were quantified using the LEGEND MAX Human α-Synuclein 

(Colorimetric) ELISA Kit (BioLegend, 448607), according to the manufacturer’s instructions. 

Measurements were taken at 450 nm and 570 nm using the VICTOR Nivo (Revvity) 

spectrophotometer. 

 

4.6.4 Chemokine and cytokine multiplex measurements 

Chemokines measurements were performed in HuTu-80 supernatants 48 hours post-treatment 

using the LEGENDplex human chemokine panel 1 (13-plex, Biolegend #740985) following 

manufacturer’s instructions and using undiluted samples. Cytokine measurements were 

performed in KOLF2.1J macrophage supernatants 48 hours post-treatment using the 

LEGENDplex human inflammatory panel 1 (Biolegend #740809). Samples were either undiluted 
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or diluted 1:100 to obtain cytokine data within the assay’s standard curve. The readouts were 

performed using the Novocyte Penteon flow cytometer (Agilent) with the following channels: B572 

(for PE) and R660 (for APC). Data was analyzed using the Qognit online software (Biolegend). 

 

4.6.5 TMEM192-3xHA Lysosomal Immunoprecipitation 

Lysosomal immunoprecipitation was performed by modifying the protocol published from Eapen 

et al [307]. Cells grown in 10-cm dishes (Falcon) were washed twice with ice-cold PBS (Gibco) 

and scraped into PBS containing protease and phosphatase inhibitors (ThermoFisher). Cells were 

centrifuged at 300 × g for 4 minutes at 4°C and resuspended in PBS with inhibitors. An aliquot of 

25 μL (2.5%) was used as the input (total cell lysate) by adding 1× reducing Laemmli Sodium 

Dodecyl Sulfate (SDS) sample buffer (Fisher Scientific) and heating at 95°C for 10 minutes. The 

remaining cells (975 μL) were gently homogenized by passing them 25 times through a 21G 

needle (Terumo) and samples were centrifuged at 1,000 × g for 2 minutes at 4°C to remove debris. 

The supernatant was incubated with 150 μL of anti-HA magnetic beads (ThermoFisher), pre-

washed three times in PBS, for 10 minutes at 4°C. Using a magnetic separation rack (New 

England Biolabs), the flow-through was collected in separate tubes, and the beads containing the 

immunoprecipitated lysosomes were washed five times with ice-cold PBS. The lysosomes were 

eluted with 20 μL of 50 mM NaOH on ice for 5 minutes and neutralized with 20 μL of 25 mM HCl 

(Sigma-Aldrich). Lysosomes were lysed by adding 20 μL 3% SDS (Carl Roth) in 150 mM HEPES 

(Sigma-Aldrich), supplemented with fresh protease and phosphatase inhibitors. The mixture was 

incubated at 95oC for 5 minutes, and protein concentration was determined using the BCA assay. 

Samples were analyzed by proteomics or Western blot. 

 

4.6.6 Western blot 

Cell pellets (HuTu-80, HuTu-80-TMEM192-3xHA, Caco-2, Colo-320DM, or HT-29) were lysed in 

1% Triton X in TBS supplemented with fresh protease and phosphatase inhibitors by incubation 

on ice for 30 minutes. Lysates were centrifuged at 13,000 x g for 10 minutes at 4oC, and protein 

concentration was determined using the BCA Protein Assay Kit. Lysosomes and extracellular 

vesicles were lysed as described in the respective “Methods” sections. Whole-cell lysates (30–

50 µg), lysosomal fraction lysates (5-8 μg), or extracellular vesicle lysates (1 μg) were mixed with 

1x reducing Laemmli SDS sample buffer and boiled at 95oC for 10 minutes prior to loading onto 

pre-cast 4–12% Bis-Tris Protein Gels (GenScript). Proteins were transferred to methanol-

activated PVDF membranes at 1.3 A and 2.5 V over 7 minutes using the Trans-Blot Turbo System 

(BioRad). Membranes were blocked in TBST (TBS containing 0.1% Tween-20) with 5% skimmed 

milk (Dutscher) or 5% bovine serum albumin (BSA, Fisher Scientific). Primary antibody incubation 
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was performed overnight at 4oC in the blocking solution. The following day, the membranes were 

washed three times with 5-minute TBST incubations prior to secondary antibody (HRP-

conjugated or fluorescence-conjugated) incubation for 1 hour at room temperature. Following 

three TBST washes, HRP-conjugated antibodies were detected using SignalFire Elite ECL 

Reagent (Cell Signalling Technology). Image acquisition was performed using a ChemiDoc MP. 

Membranes were stripped by two 10 minute-incubations with soft stripping buffer [1.5% (w/v) 

glycine (Sigma Aldrich), 0.1% (w/v) SDS, 1% (v/v) Tween 20, pH 2.2] if the new set of antibodies 

did not overlap with the bands of the previous blots. The antibodies are listed in the Appendix 

(Supplementary Tables 2-3). Total membrane protein staining was performed with Ponceau S 

solution (Sigma). 

 

4.6.7 Cell lysis for detergent-soluble/insoluble fractionation 

The protocol to separate detergent-soluble and detergent-insoluble protein lysate fractions was 

derived from Stojkovska and Mazulli [308]. HuTu-80 cell pellets from a 6-well plate were collected 

and lysed with 100 uL Triton X extraction buffer consisting of 1% Triton X, 150 mM NaCl (Sigma), 

20 mM HEPES (pH 7.4), 1 mM EDTA (Sigma), 1.5 mM MgCl2, 10% glycerol, 50 mM NaF (Sigma), 

2 mM Na3VO4
 (Sigma), 0.5 mM PMSF (Sigma), and protease/phosphatase inhibitors. The 

samples were incubated in 1.5 mL tubes on a rotating wheel at 45 rpm for 30 minutes at 4oC. The 

samples were frozen/thawed three times by transferring them from dry ice to a 37oC water bath 

to disrupt lipid bilayers. Lysates were ultracentrifuged at 100,000 x g for 35 minutes at 4oC using 

the rotor TLA-55. The supernatant, corresponding to the Triton X-soluble fraction, was transferred 

to a new 1.5 mL tube and left on ice. The pellet was washed three times with 50 μL of Triton X 

extraction buffer and then resuspended in 60 μL SDS extraction buffer consisting of 2% SDS, 50 

mM Tris (pH 7.4), and protease/phosphatase inhibitors. The samples were boiled at 100oC for 10 

min, followed by sonication in a Q700 sonicator with a cup horn at 30% amplitude for 10 minutes 

at 20oC. The samples were boiled once again at 100oC for 10 minutes, then centrifuged 100,000 

x g for 35 minutes at room temperature. The supernatant was moved into a new 1.5 mL tube and 

corresponded to the Triton X-insoluble fraction. Protein concentration was determined by the BCA 

assay kit, and 50 μg of each fraction were loaded for Western blot. 

 

4.6.8 Seahorse 

HuTu-80 cells were seeded in Seahorse XFe96/XF Pro Cell Culture Microplates (Agilent) at a 

density of 15,000 cells per well. The following day, the cells were treated with PBS, CsgA-WT, 

CsgA-R12343, or curli as in the “Cell treatments” Method’s section adjusting for a final volume of 

150 μL per well and including six technical replicates per condition. The wells A1, H1, A12, and 
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H12 were empty (calibration blank). Before running the assay, the cells were washed once with 

100 μL Seahorse XF DMEM assay medium pack, pH 7.4 (Agilent) and maintaining the cells in 

180 μL of Seahorse medium. The mitochondrial respiration assay was performed using the 

Equipment XFe 96 Extracellular Flux Analyzer (Agilent) at the SFR Necker Metabolic Analyses 

platform. The following drug concentrations were used: 2 μM oligomycin, 2 μM FCCP, 1 μM 

antimycin A, and 1 μM rotenone. Basal respiration was calculated by subtracting the oxygen 

consumption rate (OCR) after rotenone/antimycin A treatment from the OCR without drug 

treatment. ATP-linked respiration was calculated by subtracting the OCR after oligomycin 

treatment from the OCR without drug treatment. Maximal respiratory capacity was calculated by 

subtracting the OCR after rotenone/antimycin A treatment from the OCR after FCCP treatment 

[309]. Data were exported from the Seahorse Analytics software (Agilent) and were analyzed 

using GraphPad prism. 

 

4.6.9 Proteasome Assay 

The chymotrypsin-like activity of the proteasome was measured using the substrate Suc-Leu-

Leu-Val-Tyr-AMC (MedChemExpress). HuTu-80 protein lysates (10 μg) were mixed with assay 

buffer containing 50 mM Tris-HCl pH = 7.5, 100 mM KCl, 0.5 mM MgCl2, 25 μg/mL BSA, and 0.1 

mM ATP (Sigma-Aldrich) to a total volume of 100 μL. Each sample was split into two separate 

tubes, one containing 25 μL of 3 μM bortezomib (MedChemExpress) and another containing 

DMSO diluted in assay buffer. The substrate was diluted to 20 μM in 150 μL assay buffer and 

added to each sample to a final concentration of 10 μM. Each sample was pipetted in three 

technical triplicates (45 μL per well) in a low-binding half-area black wall 96-well plate (Corning). 

The plate was placed into a VICTOR Nivo (Revvity) spectrophotometer set at 37oC, and 

measurements were taken every 5 min for up to 2 hours using an excitation wavelength of 340 

nm and an emission wavelength of 450 nm. 

 

4.6.10 Intestinal organoid fixation and cryosectioning 

Organoids were fixed in 4% paraformaldehyde (PFA, Carl Roth) for 2 hours at room temperature, 

followed by three PBS washes, and an overnight incubation in 30% sucrose at 4°C. The following 

day, organoids were embedded with Tissue-Tek OCT Compound (Gentaur) in Tissue-Tek 

Cryomold Molds/Adapters, Sakura Finetek, Biopsy Cryomold, L x W x D=10 mm x 10 mm x 5 mm 

(Sakura Finetek USA Inc) and frozen by immersion in a -80°C isopropanol bath. Embedded 

samples were stored at -80°C until sectioning. Organoids were cryosectioned at 20 μm thickness 

using an Epredia CryoStar NX50 cryostat at -20oC. Eight sections spanning the whole organoid 
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were placed on each slide, and slides were stored at -80oC until they were immunostained as 

described in the following section. 

 

4.6.11 Cell fixation and immunostaining  

Cells were fixed with 4% PFA for 10 minutes and washed three times with 5-minute PBS 

incubations. After fixation, cells were permeabilized and blocked with 10% normal goat serum 

containing 0.1% (increased to 0.5% for organoid sections) Triton X in TBS for 1 hour at room 

temperature. Normal donkey serum was used instead of normal goat serum for secondary 

antibodies produced in goat. Primary antibodies were incubated in 5% normal goat/donkey serum 

containing 0.1% (increased to 0.5% for organoid sections) Triton X in TBS overnight at 4°C. The 

following day, samples were washed and secondary antibodies were applied in the same Triton 

X buffer for 2 hours at room temperature. A list of the antibodies used can be found in the Appendix 

(Supplementary Tables 2-3). DAPI (Sigma) staining was performed at 0.1 μg/mL for 10 minutes 

at room temperature. Wheat germ agglutinin (WGA) Alexa Fluor 488 conjugate (ThermoFisher) 

was used at 3.33 μg/mL for 15 minutes after secondary antibody incubation. Phalloidin-594 

(Abcam) was diluted 1:500 in PBS and incubated for 15 minutes at room temperature after 

secondary antibody incubation. Coverslips were mounted onto microscope slides using 

Fluorescence Mounting Medium (DAKO) and allowed to dry before imaging. In the case of 

organoid sections, a glass cover was placed on top of the stained slides covered with 

Fluorescence Mounting Medium. Cells in microfluidics devices were imaged in PBS, since the 

mounting medium was too viscous to enter the channels. Images were captured using a ZEISS 

Axio Observer Z1 equipped with a Yokogawa CSU-X1 spinning disc head and an SD ORCA-Flash 

4.0 S-CMOS camera (C1144022CU) with 40x (NA 1.4) or 63x (NA 1.46) oil objectives at the 

Imagine Institute Cell Imaging Platform.  

 

4.6.12 Live cell imaging 

Cells were cultured on 25 mm round coverslips (Carl Roth) or in u-Slide 8-well glass-bottom 

chambers (Ibidi). HuTu-80 were treated with CsgA-WT-594 or curli-594 as in the “Cell Treatments” 

section. Prior to treatment with dyes, cells were washed once with PBS. The following dyes and 

markers were used to label cellular compartments: lysosomes - 200 nM LysoTracker Blue DND-

22 (Thermo Fisher) for 30 minutes; early endosomes - CellLight Early Endosomes-GFP, BacMam 

2.0 (Thermo Fisher) at 30 particles per cell, incubated overnight; mitochondria – 100 nM 

MitoTracker Green (ThermoFisher) for 10 minutes. Prior to imaging, cells were washed three 

times with PBS and fresh growth medium was added. Live cell imaging was performed using a 

ZEISS Axio Observer Z1 equipped with a Yokogawa CSU-X1 spinning disc head and an SD 
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ORCA-Flash 4.0 S-CMOS camera (C1144022CU) at the Imagine Institute Cell Imaging Platform. 

A 63× oil immersion objective (NA 1.46) was used for image acquisition. Five images per condition 

and biological replicate were taken at different positions within each well. 

 

4.6.13 Image quantification 

ImageJ (RRID:SCR_003070, version 1.54p) was used for image quantification. Lysosomal counts 

were performed by thresholding (Image>Adjust>Threshold) the image to separate the 

LysoTracker or CsgA-WT-594/Curli-594 signal from the background. Curli-594 co-localization with 

LysoTracker was quantified by applying a threshold to the corresponding channel and using 

“Image Calculator” with the operation “AND” to filter for the co-localizing signal. The number of 

LysoTracker+ particles, the average area (in μm2) of the LysoTracker+ or curli-594+/LysoTracker+ 

particles per image, and the degree of co-localization (expressed as percentage of curli-

594+/LysoTracker+ particles versus LysoTracker+ particles) were measured and plotted. 

 

4.6.14 Flow Cytometry 

HuTu-80 cells were washed with PBS, detached by a 5-minute Accutase incubation, counted by 

trypan blue with LUNA-II (Logos Biosystems), and equal number of cells were stained in 100 μL 

buffer (described below). Dead cell staining was initially performed with 1:1,000 Zombie NIR 

(Biolegend) in PBS for 20 minutes on ice. After one wash, the cells were resuspended in 150 μL 

PBS + 2% FBS (FACS buffer) for direct measurement. For dye labelling, cells were resuspended 

in 100 μL FACS buffer and incubated with 5 μΜ MitoSOX Red and 100 nM MitoTracker Green for 

10 minutes. For antibody labelling, the cells were instead stained with the desired fluorescently 

conjugated antibody (Appendix - Supplementary Table 2) diluted in 100 μL FACS buffer for 20 

minutes on ice. After two washes, the samples were analyzed using a Novocyte Penteon flow 

cytometer (Agilent). The forward- and side-scatter were plotted to select for the cells, followed by 

a second gate on the forward scatter area and height to select singlets. From these cells, the 

Zombie NIR- population was selected, then, plotted for the median fluorescence intensity 

(MitoSOX) normalized over the MitoTracker signal intensity, or for the percentage of marker-

positive cells (for HLA-DR or Zombie NIR) against the unstained control for each marker of 

interest, and the data were exported for quantifications and plotting. Data was analyzed using the 

NovoExpress software (Agilent). 

 

4.6.15 Fluorescence-activated cell sorting (FACS) 

Control cell line 1 NPC-derived peripheral neurons and macrophages were dissociated into single 

cells by a 5-minute incubation with Accutase followed by gentle pipetting using a P1000 pipette. 
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The cells were centrifuged in 10 mL FACS buffer at 300 x g for 5 minutes at 4oC and were 

resuspended in 100 μL FACS buffer. Surface staining was performed by a 30-minute ice 

incubation using CD56/NCAM (FITC) or CD45 (Alexa Fluor 700) diluted 1:100. The cells were 

centrifuged at 300 x g for 5 minutes at 4oC, washed with 200 μL FACS buffer, centrifuged again, 

and resuspended in 200 μL FACS buffer. Sytox Blue (ThermoFisher) was added at 2.5 μM final 

concentration for 2 minutes prior to sorting. Sytox Blue was used instead of ZombieNIR to avoid 

cross-bleeding with the CD45-Alexa700 antibody. Cell sorting was performed by the SFR Necker 

Cytometry Platform using a Sony MA900. The antibodies are described in the Appendix 

(Supplementary Table 2). 

 

4.6.16 Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) 

RNA was extracted from cell pellets using the RNeasy Mini Kit (QIAGEN) according to the 

manufacturer's instructions. The QuantiTect Rev. Transcription Kit (QIAGEN) was used for cDNA 

synthesis. The qPCR was performed with the QuantiTect SYBR Green PCR Kit (QIAGEN) using 

5 ng of input RNA and of 1 μM of primer mix. The list of qPCR primers is displayed in the Appendix 

(Supplementary Table 4). The reaction and measurements were performed using the Viia7 

(ThermoFisher). Quantification and comparisons were performed using the ddCt method. 

 

4.6.18 Glucocerebrosidase (GCase) Assay 

HuTu-80 cell lysates (5 μg) were diluted in 45 μL ddH2O and mixed with 25 μL McIlvaive buffer 

pH 6.0 consisting of 126.3 μM Na2HPO4 and 36.85 μM citric acid (Sigma Aldrich). Two additional 

tubes were prepared as controls, one without cell lysate and one with control (PBS-treated) cell 

lysate that would not include the assay’s substrate. Each sample was divided into two different 

tubes, where either 5 μL of ddH2O or 5 μL of 1 mM CBE were added. The samples were incubated 

for 30 minutes at room temperature to allow CBE to block GCase enzymatic function. Fresh assay 

substrate was prepared by dissolving 4-Methylumbelliferyl β-D-glucopyranoside 

(MedChemExpress) in ddH2O to obtain a 6 mM solution. The substrate was dissolved by heating 

it at 55oC and 25 μL were pipetted per sample. No substrate was added to the “no substrate” 

control. The samples were incubated at 37oC for 2 hours in the dark. The reaction was stopped 

by pipetting 585 μL of 0.2 M glycine, pH 10.2 (adjusted with NaOH) to each tube, followed by 

pipetting of each sample in triplicate in a 96-well Half Area Black/Clear Flat Bottom Polystyrene 

non-binding surface Microplate. Measurements were performed at an excitation wavelength of 

355 nm and an emission wavelength of 460 nm using the Victor NIVO spectrophotometer. For 

each sample, the average of each experimental triplicate with CBE was subtracted from the 

average without CBE to calculate the GCase I-specific enzymatic activity. 
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4.7 Proteomics 

4.7.1 TMT-based quantitative proteomics sample preparation 

HuTu80 cells were washed once with PBS and collected by scraping. Cells were centrifuged at 

300 x g for 3’ at 4oC and lysed with 1% SDS (Carl Roth) with 50 mM HEPES (Sigma) 

supplemented with fresh protease/phosphatase inhibitors. Lysosomal-enriched fractions were 

processed with the same buffer (details in the “TMEM192-3xHA Lysosomal Immunoprecipitation“ 

section). The mixture was incubated at 95oC for 5 minutes and was cooled on ice prior to adding 

50 U Benzonase / 100,000 cells. The lysates were incubated at 37oC for 30 minutes, centrifuged 

at 13,000 x g for 10 minutes at room temperature, and the protein concentration of the supernatant 

was quantified by using the BCA Protein Assay Kit. For proteomics analysis, 20 μg (total lysates) 

or 5 μg (lysosomes) of protein at a concentration of 0.4 μg/μL were snap frozen in liquid nitrogen 

and shipped to the EBML Proteomics Core Facility on dry ice. Proteins were subjected to the SP3 

protocol [310] conducted on the KingFisher Apex (Thermo Fisher Scientific). For digestion, trypsin 

was used in a 1:20 ratio (protease:protein) in 50 mM HEPES supplemented with 5 mM TCEP and 

20 mM chloroacetamide. Digestion was caried out for 5 hours at 37°C. Peptides were labelled 

with TMTpro [311] Isobaric Label Reagent (ThermoFisher) according the manufacturer’s 

instructions. Samples were combined for multiplexing and an OASIS® HLB µElution Plate 

(Waters) was used for further sample clean up. Offline high pH reverse phase fractionation was 

carried out on an Agilent 1200 Infinity high-performance liquid chromatography system, equipped 

with a Gemini C18 column (3 μm, 110 Å, 100 x 1.0 mm, Phenomenex), resulting in 12 fractions 

for lysosomes and lysate samples respectively [312]. 

 

4.7.2 LC-MS/MS 

An UltiMate 3000 RSLC nano LC system (Dionex) fitted with a trapping cartridge (µ-Precolumn 

C18 PepMap 100, 5µm, 300 µm i.d. x 5 mm, 100 Å) and an analytical column (nanoEase M/Z 

HSS T3 column 75 µm x 250 mm C18, 1.8 µm, 100 Å, Waters). Trapping was carried out with a 

constant flow of trapping solution (0.05% trifluoroacetic acid in water) at 30 µL/min onto the 

trapping column for 6 minutes. Subsequently, peptides were eluted via the analytical column 

running solvent A (3%DMSO, 0.1% formic acid in water) with a constant flow of 0.3 µL/min, with 

increasing percentage of solvent B (3% DMSO, 0.1% formic acid in acetonitrile). The outlet of the 

analytical column was coupled directly to an Orbitrap QExactive plus Mass Spectrometer 

(Thermo) using the Nanospray Flex ion source in positive ion mode. The peptides were introduced 

into the QExactive plus via a Pico-Tip Emitter 360 µm OD x 20 µm ID; 10 µm tip (CoAnn 

Technologies) and an applied spray voltage of 2.3 kV. The capillary temperature was set at 320°C. 

Full mass scan was acquired with mass range 375-1200 m/z in profile mode with resolution of 
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70000. The filling time was set at maximum of 10 ms with a limitation of 3x106 ions. Data 

dependent acquisition (DDA) was performed with the resolution of the Orbitrap set to 35000, with 

a fill time of 120 ms and a limitation of 2x105 ions. A normalized collision energy of 30 was applied. 

The isolation window of the quadrupole was set to 0.7 m/z. Dynamic exclusion time of 30 seconds 

was used. The peptide match algorithm was set to ‘preferred’ and charge exclusion ‘unassigned’, 

charge states 1, 5 - 8 were excluded. MS2 data was acquired in profile mode. 

 

4.7.3 Mass Spectrometry Data analysis 

Raw files were converted to mzML format using MSConvert from ProteoWizard, using peak 

picking, 64-bit encoding and zlib compression, and filtering for the 1000 most intense peaks. Files 

were then searched using MSFragger (v4.0) in FragPipe (21.1) against FASTA database 

merged_FASTA containing common contaminants and reversed sequences. The following 

modifications were included in the search parameters: Carbamidomethylation (C, 57.0215), 

TMTpro (K, 304.2072) as fixed modifications; Oxidation (M, 15.9949), Acetylation (protein N-

terminus, 42.0106), TMTpro (peptide N-terminus, 304.2072) as variable modifications. For the full 

scan (MS1) a mass error tolerance of 20 PPM and for MS/MS (MS2) spectra of 20 PPM was set. 

For protein digestion, 'stricttrypsin' was used as protease with an allowance of maximum 2 missed 

cleavages requiring a minimum peptide length of 7 amino acids. The false discovery rate on 

peptide and protein level was set to 0.01. The standard settings of the FragPipe workflow 'TMT16' 

were used. The following modifications were made: msfragger.misc.fragger.precursor-charge-hi: 

6, msfragger.use_topN_peaks: 300, tmtintegrator.allow_unlabeled: true, 

tmtintegrator.extraction_tool: Philosopher. The raw output files of FragPipe (protein.tsv files) were 

processed using the R programming language (RRID:SCR_000432, ISBN 3-900051-07-0). 

Contaminants and reverse proteins were filtered out and only proteins that were quantified with 

at least 2 razor peptides (Razor.Peptides >= 2) were considered for the analysis. Moreover, only 

proteins which were identified and quantified in 2 out of 3 replicates for each condition were kept. 

7948 proteins passed the quality control filters. Log2 transformed raw DIA intensities ('Intensity' 

columns) were normalized using the 'normalizeVSN' function of the limma package (VSN - 

variance stabilization normalization) [313]. Missing values were imputed with the 'knn' method 

using the 'impute' function of the Msnbase package [314]. Proteins were tested for differential 

expression using a moderated t-test by applying the limma package ('lmFit' and 'eBayes' 

functions). The replicate information was added as a factor in the design matrix given as an 

argument to the 'lmFit' function of limma. Also, imputed values were given a weight of 0.01 while 

quantified values were given a weight of 1 in the 'lmFit' function. Annotated proteins were 

considered statistically significantly altered with a log2 fold-change > 0.5 and a False Discovery 
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Rate (DFR) < 0.2. The list of proteins and their fold-change were input in ShinyGO 0.82 

(RRID:SCR_019213) to identify statistically enriched GO pathways (FDR cutoff = 0.05) using the 

human proteome as a background reference. Lysosomal proteins were filtered using the dataset 

of Akter et al [315] and were, thereafter, termed “validated” lysosomal proteins. The lysosomal hit 

proteins additionally underwent a screening of mitochondrial proteins using the human MitoCarta 

3.0 (RRID:SCR_018165) dataset. The mass spectrometry proteomics data have been deposited 

to the ProteomeXchange Consortium via the PRIDE [316] partner repository with the dataset 

identifier PXD079523. 

 

4.8 Statistics 

Statistical analyses were performed with GraphPad Prism version 10.1.2. The Kolmogorov-

Smirnov test was used to test for normality. The F-test and the Brown-Forsythe test were 

employed to asses equal variance between two or more conditions, respectively. For comparisons 

between two groups the following tests were performed: unpaired two-tailed t-test (normal data, 

equal variance), Welch’s t-test (normal data, unequal variance), or Mann-Whitney test (non-

normal data). For comparisons of more than two groups the following tests were performed: one-

way ANOVA with Tukey's post hoc test (normal data, equal variance), Brown-Forsythe and Welch 

ANOVA test with Dunnet’s post hoc test (normal data, unequal variance), Kruskal-Wallis test with 

Dunn’s post hoc test (non-normal data). The chemokine (Figure 15D) and cytokine (Figure 16A) 

datasets were also tested for lognormal distribution on the condition the normal distribution test 

was not passed, followed by lognormal one-way ANOVA with Tukey’s host test. Two-way ANOVA 

with Tukey’s post hoc test was used to evaluate statistical significance of macrophage cytokine 

release between the effect of HuTu-80 EVs or LPS (Figure 16D). For non-normal data 

(Kolmogorov-Smirnov test), the data were first log-transformed prior to performing the two-way 

ANOVA analysis. P values less than 0.05 were considered statistically significant. 
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5. Results 

5.1 Part 1: CsgA as a trigger of intestinal Parkinson’s disease 

5.1.1: Do enteroendocrine cells uptake CsgA? 

5.1.1.1 Cloning of CsgA-R12343 in pET-11d 

To study the effect of CsgA on EECs, we first acquired the appropriate constructs and bacterial 

strains to perform protein purification. CsgA-WT without the secretion signal and with a 6xHis-tag 

sequence at the C-terminus cloned in the pET-11d vector was obtained from the Otzen laboratory. 

CsgA-R12343 was chosen as negative control for the experiments, as the R5 domain that 

normally interacts with the R1 domain of the next monomer is replaced by the R3 domain [317]. 

The R3 domain contains the aspartic acid residues at positions 136 and 149 which inhibit the 

ability of CsgA to form fibrils [317]. Therefore, we could dissect the effects of CsgA caused by its 

bacterial origin (CsgA-WT and CsgA-R12343) or its amyloidogenic properties (CsgA-WT versus 

CsgA-R12343). Using the study from Wang et al [317] as a reference, the double-stranded DNA 

oligonucleotide of CsgA-R12343 was designed as follows. Fourth-three nucleotides identical to 

the pET-11d-CsgA-WT vector sequence followed by the NcoI restriction site preceded the start 

codon. The secretion signal (2nd-9th amino acid) was excluded from the CsgA-R12343 sequence, 

and a 6xHis tag (CATCACCATCACCATCAC) was added before the stop codon. Following the 

stop codon, a BamHI restriction site and 39 nucleotides identical to the pET-11d-CsgA-WT vector 

sequence were added. The plasmid pET-11d-CsgA-WT underwent digestion with NcoI and 

BamHI to extract the vector (Figure 1A) and was subsequently ligated with the digested CsgA-

R12343-6xHis oligonucleotide. The resulting plasmid was transformed into TOP10 chemically 

competent E. coli grown on ampicillin LB-agar plates. Following overnight incubation of selected 

bacterial colonies, their DNA was extracted. PCR was performed using the CsgA_1_FW and 

CsgA_1_RV primers (Supplementary Table 1) to verify the presence of the CsgA-R12343 insert 

in the plasmid (Figure 1B). Following a sequencing PCR, the results were aligned with Clustal 

Omega against the in silico designed sequence. The sequencing results completely overlapped 

with the designed sequence (Figure 1C), thus the pET-11d-CsgA-R12343 and pET-11d-CsgA-

WT plasmid were transformed into NiCo21 (DE3) competent bacteria. NiCo21 is a modification 

of the BL21 strain, which expresses T7 allowing for lactose-inducible expression of CsgA in our 

vector. NiCo21 strain was chosen over the BL21 strain as multiple bacterial chaperones, that may 

contaminate the 6xHis purification procedure, are fused with a chitin-binding domain. In case of 

contaminating protein elution, they could be removed using chitin-binding beads. In our case, 
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however, we were able to obtain high purity for both CsgA-WT and CsgA-R12343 (next section, 

Figure 2A). 
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Figure 1. CsgA-R12343 cloning into the pET-11d vector. 
A) Agarose gel of pET-11d-CsgA-WT plasmid digested with NcoI and BamHI to obtain the cloning vector. 

The vector corresponds to the ~6,000 bp band, whereas the CsgA-WT insert corresponds to the ~500 
bp band. 

B) PCR screening of pET-11d-CsgA-R12343-transformed TOP10 colonies using CsgA_1_FW and 
CsgA_1_RV primers and yielding the expected band at ~650 bp. 

C) Clustal Omega multiple sequence alignment result between our designed CsgA-R12343 
oligonucleotide (“DESIGN”) and the sequencing results (“RESULTS_1” and “RESULTS_2”). 

 

5.1.1.2 Purification and characterization of CsgA and curli 

The lack of a secretion signal in the CsgA constructs meant that produced CsgA would be retained 

within the cells. Thus, the protein could be purified from bacterial pellet lysates using nickel‐

nitrilotriacetic acid (Ni-NTA) beads binding the 6xHis tag. We established in-house CsgA and curli 

purification methods using published protocols (see Methods). The CsgA monomer purification 

protocol involved growth of bacteria with the inducible pET-11d vector carrying CsgA-WT or CsgA-

R12343, addition of the lactose analogue IPTG to induce the expression of CsgA, and lysis of the 

bacteria pellet to extract CsgA. Due to CsgA’s rapid aggregation, and to completely dissolve 

potential bacterial inclusion bodies created by its overexpression, the lysis buffer contained the 

chaotropic reagent guanidine hydrochloride. Protein purification was performed via FPLC with Ni-

NTA columns that bound the 6xHis tag which was then eluted by competitive imidazole binding. 

Prior to conducting the experiments, CsgA-WT and CsgA-R12343 were desalted from the buffer 

into PBS to allow for the protein to fold in a buffer that is compatible with assays and cell 

treatments. 

Curli fibers were purified from E. coli K12 WT bacteria cultured in low-nutrient medium, suboptimal 

temperature (26oC), low oxygenation (slow shaking – 150 rpm), and in 4% DMSO for 3 days. 

These parameters provide a stressful environment for the bacteria that promote biofilm 

production. Notably, the use of DMSO in biofilm formation is controversial, since it is inhibitory for 

certain species, such as Pseudomonas aeruginosa [318, 319]. The produced E. coli biofilm was 

exposed to a series of enzymes and detergents, to release it from nucleotides and lipids. Due to 

their large size, curli fibers did not enter the SDS-page acrylamide gel and could be separated 

from other bacterial proteins. 

Following CsgA-WT, CsgA-R12343, and curli fiber purification, the proteins were subjected to 

Coomassie staining and Western blot. Coomassie staining showed high purity for CsgA-WT and 

CsgA-R12343 with a band at ~17 kDa corresponding to the size of CsgA (Figures 2A), which 

was further validated by Western blot using a His-tag and a CsgA antibody (Figure 2B). Curli 

fibers appeared as a smear with bands at different molecular weights indicative of the insoluble 

multimers (Figures 2A-B). 
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To validate the ability of CsgA to aggregate and the amyloid nature of curli, we incubated the 

proteins together with ThT which emits fluorescence upon binding to beta-sheets structures. 

CsgA-WT, but not CsgA-R12343, displayed initial ThT fluorescence at 1 hour which peaked at 

around 5 hours (Figure 2C), indicative of CsgA-WT’s rapid aggregation. Sonicated and non-

sonicated curli fibers displayed a baseline fluorescent ThT value that remained stable over time 

(Figure 2C), which verified the amyloid conformation of curli. TEM analysis further confirmed 

CsgA-WT aggregates 24 hours post-incubation at room temperature, while no visible fibers were 

seen for CsgA-R12343 at the same time point (Figure 2D). To monitor CsgA-WT uptake in cells, 

we labelled it with Alexa-594 (CsgA-WT-594). The labelling protocol included a 3-hour room 

temperature incubation; thus, CsgA fibers were detected by TEM when directly pipetted onto TEM 

grids without pre-incubation (Figure 2D). These results suggested that the labelling procedure 

did not substantially impact the ability of CsgA to form fibers. Sonicated curli fibers were also 

visible by TEM with the size and structure being different to CsgA fibers possibly due to the 

sonication procedure (Figure 2D). Non-sonicated curli fibers were too large to be visualized by 

TEM. CsgA/α-SYN cross-seeding was validated via the ThT assay. Even at 2 μM CsgA-WT was 

able to aggregate, whereas 50 μM α-SYN monomers did not show any increase in ThT 

fluorescence over the tested period (Figure 2E). When incubated together, CsgA-WT and α-SYN 

displayed increased lag phase and higher maximal ThT fluorescence (Figure 2E), suggesting the 

primary nucleation phase is slower and the total amyloid content is higher when compared to 

CsgA-WT alone. Finally, we characterized the pro-inflammatory properties of CsgA and curli by 

treating THP-1-derived macrophages and measuring TNFα release. CsgA-WT, CsgA-R12343, 

and curli fibers elicited an increase in TNFα secretion compared to the PBS control (Figure 2F), 

suggesting CsgA triggers a macrophage immune response irrespective of its aggregation state. 

Thus, we were able to purify and characterize CsgA-WT monomers, CsgA-R12343 monomers, 

and curli fibers. 
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Figure 2. Purification and characterization of CsgA-WT, CsgA-R12343 monomers, and curli fibers. 

A) Coomassie staining showing purified CsgA-WT and CsgA-R12343 monomers as a ~17 kDa band, and 

curli fibers as detergent-insoluble multimers. 

B) Western blot analysis confirmed the identity of CsgA and curli using a CsgA-specific antibody. CsgA-

WT and CsgA-R12343 were also blotted against a 6xHis-tag-specific antibody. 

C) Fibrillization of CsgA-WT, and CsgA-R12343 monomers, and curli fibers monitored by ThT fluorescence 

(log10 scale). PBS was used as a negative control. Time course of ThT fluorescence change is shown. 

Mean ± SEM. 
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D) Representative transmission electron microscopy images of CsgA-WT and CsgA-R12343 at baseline 

and 48 h, alongside CsgA-WT-594 fibrils and sonicated curli fibers. Scale bars: 100 nm (left panel) and 

200 nm (right panel). 

E) Fibrillization of CsgA-WT and α-SYN monomers alone or together monitored by ThT fluorescence 

(log10 scale). PBS was used as a negative control. Time course of ThT fluorescence change is shown. 

The concentration of each protein is indicated on the graph. Mean ± SEM. 

F) ELISA quantification of the pro-inflammatory cytokine TNFα release by human THP-1-derived 

macrophages following treatment with CsgA monomers or curli fibers. Mean ± SEM; *p<0.05, **p<0.01, 

one-way ANOVA with Tukey's correction for multiple comparisons (CsgA, n= 3 independent 

experiments) or unpaired Welch’s t-test (curli, n= 5 independent experiments). 

 

5.1.1.3 Selection of HuTu-80 as an enteroendocrine cell model 

Due to the absence of a published iPSC-derived EEC protocol, we instead screened commercial 

immortalized cell lines. Protocols for differentiating iPSCs to intestinal organoids with 

enteroendocrine cell overrepresentation are available [320, 321], however we needed a simplified 

2D homogeneous population to identify cell type-specific effects under bacterial amyloid 

exposure. The intestinal cell line Caco-2, and the enteroendocrine cell lines HT-29, HuTu-80, and 

Colo-320DM were blotted against α-SYN and GCase (Figure 3A). HuTu-80 were selected due to 

the higher endogenous levels of α-SYN expression and GCase production compared to the other 

cell lines tested. As TLR2 is involved in immune responses to CsgA, and EECs are known to have 

immunomodulatory properties, we blotted against TLR2. However, none of the cell lines screened 

displayed detectable TLR2 levels by Western blot (Figure 3A). HuTu-80 treatment with CsgA-

WT, CsgA-R12343, or curli did not induce cell death as assessed by ZombieNIR staining (Figure 

3B). Thus, HuTu-80 cells were used as our enteroendocrine cell model. 
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Figure 3. Selection of HuTu-80 as the enteroendocrine cell model and viability assessment of CsgA-

treated HuTu-80. 

A) Representative Western blots against alpha-synuclein (A-SYN), glucocerebrosidase (GCase), and Toll-

like receptor 2 (TLR2) in the intestinal cell line Caco-2 and various enteroendocrine cell lines (HT-29, Colo-

320DM, HuTu-80). Human iPSC-derived dopaminergic neurons and THP-1-derived macrophages were 

included as positive controls for A-SYN, GCase and TLR2 expression. B-actin was used as the loading 

control. 

B) Percentage of live cells measured as the ratio of ZombieNIR- cells over the total number of singlets by 

flow cytometry for the indicated treatments. Mean ± SEM, one-way ANOVA with Tukey's correction for 

multiple comparisons, n= 3-4 independent experiments. 

 
 

5.1.1.4 CsgA is uptaken and localized to the lysosomes of human enteroendocrine cells 

We proceeded to assess whether CsgA and curli are uptaken by EECs. CsgA-WT-594 and curli-

594 were applied to HuTu-80 cells, and their intracellular localization was analysed. Live-cell 

imaging revealed that the majority of labelled CsgA and curli co-localized with LysoTracker 48 h 

post-treatment, suggesting their targeting to lysosomes (Figure 4A). This observation was 

confirmed in fixed cells by immunostaining for the lysosomal marker LAMP1 and with the 

membrane dye WGA (Figure 4B-C). Consistent with lysosomal targeting, we did not detect co-

localization of CsgA-WT-594 with early endosomes marked by RAB5A-GFP at 48 h post-

treatment (Figure 4D). The effect of CsgA on lysosomes was evaluated by quantitative analysis 

of lysosomal morphology by the LysoTracker signal which revealed a significant reduction in 

lysosome number following only CsgA-R12343 treatment (Figure 4E). Instead, curli provoked an 

increase in the average lysosomal size (Figure 4D). Therefore, CsgA localized to the lysosomes 

48-hours post-treatment in HuTu-80 enteroendocrine cells, with monomers and fibers 

differentially impacting lysosomal morphology parameters. 
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Figure 4. CsgA-WT and curli are targeted to lysosomes in human enteroendocrine cells. 

A) Representative live-cell images of HuTu-80 cells treated with CsgA-WT-594 and curli-594 (red) for 

evaluation of lysosomal localization using LysoTracker (green). Arrows indicate co-localization. Scale bars: 

10 μm. 

B) Immunostaining of HuTu-80 cells treated with CsgA-WT-594 and curli-594 (red) to confirm lysosomal 

localization using LAMP1 (green), a lysosomal membrane marker. Arrows indicate co-localization. Scale 

bar: 10 μm. 

C) Representative image of HuTu-80 cells treated with CsgA-WT-594 (red) to confirm intracellular 

localization using WGA (gray) and lysosomal localization using LAMP1 (green), a lysosomal membrane 

marker. Yellow lines indicate the Z planes that are presented on the sides of the image. Scale bars: 10 μm. 

D) Representative live-cell images of HuTu-80 cells treated with CsgA-WT-594 (red) to evaluate endosomal 

localization using Rab5a-GFP (green). Scale bar: 20 μm. 

E) Representative live-cell images of HuTu-80 cells and labelled with LysoTracker (green) to assess 

lysosomal morphology for the indicated conditions. Quantitative analysis of the number of lysosomes per 
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cell and the average lysosomal size per image in μm2. Scale bar 10 μm. Mean ± SEM, *p<0.05, **p<0.01, 

one-way ANOVA with Tukey’s correction for multiple comparisons, data were obtained from five images per 

replicate, n=3 independent experiments. 

 

 

To determine whether CsgA is delivered to lysosomes for degradation, we inhibited lysosomal 

acidification using bafA1 which targets the vacuolar H+ ATPase and prevents lysosomal 

acidification. Successful lysosomal degradation inhibition was verified by accumulation of LC3B-

II over LC3B-I following BafA1 treatment (Figure 5A). BafA1 resulted in a significant accumulation 

of CsgA-WT, but not CsgA-R12343, as detected by immunoblotting against the His-tag (Figure 

5A). A dose curve of the lysosomal degradation inhibitor CQ, which increases lysosomal pH, was 

also performed to determine the lowest minimum concentration leading to LC3B-II accumulation 

(10 μM, Figure 5B). Both bafA1 and CQ were used to verify curli’s lysosomal targeting by live-

cell imaging. Lysosomal inhibition did not alter the extent of curli-594/LysoTracker co-localization, 

yet it led to a significant increase in the average size of curli-594+/LysoTracker+ particles (Figure 

5C-D), suggesting the accumulation of both lysosomes and curli within lysosomes. Despite these 

results and the observed changes in lysosomal morphology, we did not detect alterations in the 

autophagy marker P62 or in the autophagic flux, as assessed by LC3B-II levels before and after 

BafA1 treatment (Figures 5E-F). Together, these data indicate that CsgA and curli are internalized 

into the lysosomes of HuTu-80 cells, where they undergo degradation without affecting the 

autophagy markers P62 or LC3B. 
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Figure 5. CsgA-WT and curli are degraded in the lysosomes of human enteroendocrine cells. 

A) Representative Western blots of 6xHis (CsgA) and LC3B in HuTu-80 cells treated with 10 nM Bafilomycin 

A1 (BafA1) or DMSO (negative control) for 4 hours followed by exposure to CsgA monomers for 48 hours. 

Quantification of 6xHis levels and LC3B-II/LC3B-I ratio, normalized to β-actin for each treatment, expressed 

as relative fold-change to PBS. Mean ± SEM, unpaired two-tailed t-test, *p<0.05, **p<0.01, n=5 

independent experiments. 

B) Representative Western blots of LC3B and β-actin of CQ dose curve for the indicated concentrations in 

HuTu-80. 

C) Representative live-cell images of HuTu-80 cells treated with 10 nM Bafilomycin A1 (BafA1) or DMSO 

(negative control) for 4 hours followed by exposure to curli-594 (red) for an additional 48 hours. Quantitative 

analysis of curli-594+/LysoTracker+ and LysoTracker+ counts, and the average curli-594+/LysoTracker+ 

and LysoTracker+ areas in μm2. Scale bar 20 μm. Mean ± SEM, **p<0.01, ****p<0.0001, unpaired two-

tailed t-test, data were obtained from five images per replicate, n=3 independent experiments. 

D) Representative live-cell images of HuTu-80 cells treated with 10 μM chloroquine (CQ) or DMSO 

(negative control) for 4 hours followed by exposure to curli-594 (red) for an additional 48 hours. Quantitative 

analysis of curli-594+/LysoTracker+ and LysoTracker+ counts, and the average curli-594+/LysoTracker+ 

and LysoTracker+ areas in μm2. Scale bar 20 μm. Mean ± SEM, **p<0.01, unpaired two-tailed t-test, data 

were obtained from five images per replicate, n=3 independent experiments. 

E) Representative Western blot analysis against P62 for the indicated treatments and quantification, 

normalized to Ponceau, expressed as relative fold change compared to the PBS control. Mean ± SEM, 

one-way ANOVA with Tukey’s correction for multiple comparisons, n= 3 independent experiments. 

F) Representative Western blot analysis against LC3B for the indicated treatments and quantification of 

autophagy flux (LC3B-II intensity in BafA1 subtracting LC3B-II intensity in DMSO for each treatment), 

normalized to β-actin, expressed as relative fold change compared to the PBS control. Mean ± SEM, one-

way ANOVA with Tukey’s correction for multiple comparisons, n= 3-5 independent experiments. 

 

 

5.1.2 Question 2: How does CsgA impact enteroendocrine cell function? 

 

5.1.2.1 Generation and characterization of the HuTu-80-TMEM192-3xHA lyso-IP line 

Despite the lysosomal morphology changes by CsgA and curli (Figure 4E), we did not detect any 

alterations in autophagy flux or P62 levels (Figure 5E-F). To obtain a comprehensive 

understanding of the effects of CsgA monomers and curli fibers on HuTu-80, we designed an 

experiment to analyze whole-cell and lysosomal lysates of treated cells. To permit lysosomal 

immunoprecipitation, we first generated a HuTu-80 cell line transduced with pLJC5-Tmem192-

3xHA lentivirus. HuTu-80 WT were transduced with the lentivirus for 6 hours and, two days later, 

0.5 μg/mL puromycin was added to the medium. After clonal selection and expansion, cells were 

switching to regular medium without puromycin. The resulting HuTu-80-TMEM192-3xHA (HuTu-

80-T192) cell line was positive for HA and the signal co-localized with LAMP2 contrary to the 

background staining in HuTu-80-WT (Figure 6A). Following quality control, lysosomal 

immunoprecipitation (Lyso-IP) was performed in HuTu-80-T192 using HuTu-80-WT as a negative 

control. We enriched for the tagged TMEM192 protein, the lysosomal membrane protein LAMP1, 

and the lysosomal lumen protein HEXB by WB, with reduced detection of proteins belonging to 

other compartments (HSP60 - mitochondria, CANX - endoplasmic reticulum, and GAPDH – 
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cytosol) in IP fractions (Figure 6B). None of these proteins were present in the lyso-IP fractions 

of HuTu-80-WT cells. Despite observing decreased LAMP1 in the whole-cell lysates of HuTu-80-

T192 versus HuTu-80-WT, we purified sufficient lysosomal material for downstream proteomics 

analysis. Thus, the HuTu-80-T192 line can be used to collect lysosomal fractions through lyso-IP. 

 

 

Figure 6. Lysosomal localization of 3xHA-tagged TMEM192 permits lysosomal enrichment by 

immunoprecipitation in human enteroendocrine cells. 

A) Immunostainings against 3xHA (TMEM192, green) to assess its lysosomal membrane localization by 

using LAMP2 (red) on the top. As a negative control HuTu-80-WT cells were used. DAPI (blue) was used 

as a nuclei counterstain. Scale bar: 10 μm. 

B) Representative lysosomal immunoprecipitation (IP) Western blot using HA antibody-tagged magnetic 

beads between HuTu-80 WT (WT) and HuTu-80 TMEM192-3xHA (T192) cells. The lysates were blotted 

against LAMP1, HEXB, 3xHA (TMEM192), HSP60, Calnexin (CANX), and GAPDH. The lower band in the 

HEXB blot (50 kDa) corresponds to the mouse IgG heavy chain eluted from the beads. 

 

5.1.2.2 Proteomics analysis reveals cellular stress and altered intracellular trafficking in 

enteroendocrine cells upon CsgA-WT exposure 

Following successful establishment and characterization of the HuTu-80-T192 cell line, whole-cell 

lysates were derived from HuTu-80-WT, while lyso-IP fractions from HuTu-80-T192 (Figures 7A-

B). Notably, the lysis method of whole-cell preparations for proteomics included an SDS-based 

buffer, which affected our ability to detect CsgA-R12343 (6xHis) by WB compared to the Triton X 

lysis buffer (Figures 7A, C). 
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Figure 7. Preparation of human enteroendocrine cells whole-cell lysates and lyso-IP fractions for 

TMT-based LC-MS/MS proteomics. 

A) Western blot analysis of whole-cell lysates using an SDS-based lysis buffer and probing against 6xHis 

(CsgA) for the indicated conditions. B-actin staining was used to confirm equal total protein loading between 

the samples. 

B) Western blot analysis of lyso-IP samples, probing against 3xHA (TMEM192) to detect CsgA (6xHis) and 

lysosomal markers (LAMP1, HEXB) for the indicated conditions. GAPDH was used as a loading control for 

the whole-cell lysates (input). The asterisk corresponds to the mouse IgG eluted from the beads. 

C) Western blot analysis of whole-cell lysate using a Triton X-based lysis buffer, probing against 6xHis 

(CsgA) for the indicated conditions. GAPDH was used as a loading control. 

 

The whole-cell and lysosomal lysates underwent tandem mass tag (TMT) liquid chromatography–

mass spectrometry (LC-MS) proteomics (Figure 8A). TMT-based proteomics permitted 

multiplexing of samples and higher accuracy compared to label-free proteomics. Venn diagram 

representation of hit proteins revealed that only CsgA-WT elicited changes in whole-cell and lyso-

IP protein preparations, while curli caused a significant alteration in only 3 proteins in whole-cell 

lysates (Figure 8B). Particularly, volcano plots showed that CsgA-WT induced an upregulation of 

371 proteins and a downregulation of 584 proteins when compared to the PBS control (Figure 

8C). CsgA-R12343 did not alter the HuTu-80 proteome. Despite obtaining a relatively clear 

lysosomal fraction (Figure 8B), we were aware that lyso-IP protocols may still be contaminated 

with proteins from other organelles [315, 322]. Akter et al [315] developed a dataset where they 

combined known lysosomal proteins with lysosomal proteins identified from human and mouse 

cell lines in their study. Their resulting table was used to filter for known lysosomal proteins in our 

own lyso-IP dataset (“validated lysosomal proteins”) where we identified 42 hits in the CsgA-WT 

versus PBS condition (Figure 8C-D). From these proteins, 7 were upregulated and 35 were 
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downregulated (Figure 8D). Thus, CsgA-WT, but not CsgA-R12343 or curli, altered the HuTu-80 

proteome, suggesting that the aggregate-prone CsgA monomers and multimers induced an 

enteroendocrine cell response. 
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Figure 8. CsgA-WT confers proteomics changes in whole-cell lysates and lysosomes of human 

enteroendocrine cells.  

A) Schematic illustration for total cell (HuTu-80 WT) and lysosome-enriched (HuTu-80-TMEM192-3xHA) 

lysate collection for subsequent proteomics and Western blot analysis. 

B) Venn diagrams showing the overlap of hit proteins from CsgA-WT, CsgA-R12343, and curli treatments 

compared to PBS controls in whole-cell and lysosomal fractions. Hit proteins were identified as log2FC > 

|0.5| and false discovery rate < 0.2 using Limma-based analysis for each condition versus the PBS control. 

C) Venn diagrams showing the overlap of the lyso-IP CsgA-WT vs PBS hit dataset with known lysosomal 

proteins [315] or the MitoCarta 3.0 dataset. 

D) Volcano plots showing differentially expressed proteins among CsgA-WT, CsgA-R12343, or curli-treated 

HuTu-80 samples versus PBS. “Lysate” refers to the whole-cell proteome, while “Lysosome” to the validated 

lysosomal proteins. Hit proteins that differed a log2FC > |0.5| and had a false discovery rate < 0.2 using 

Limma-based differential analysis are highlighted as red circles. 

 

 

 

To understand the cellular and molecular effects of CsgA-WT on HuTu-80, a gene ontology (GO) 

enrichment analysis was performed based on the hit proteins in the whole-cell and validated 

lysosomal datasets (Figure 8B-D). Traditionally, GO enrichment analysis screens the input 

dataset against a reference dataset, here the human genome, using a statistical analysis method, 

in this case a false-discovery rate cut-off. The resulting group of genes, called terms, that are 

significantly altered are used to infer altered cellular and biochemical pathways. The GO 

enrichment analysis is divided into three categories: Biological Process (BP, terms describing 

biological pathways), Molecular Function (MF, terms describing biochemical activities), and 

Cellular Component (CC, terms describing subcellular locations or organelles). The whole-cell 

and validated lysosomal hit datasets were input into ShinyGO to identify BFs and CCs (Figure 

9A). As the hits from the whole-cell lysates were numerous (948 proteins), they were subjected 

to two additional analyses. The former was the Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathway analysis (Figure 9B), while the latter was a BP analysis using a maximum 

pathway size of 100 genes (Figure 9C) to identify more specific dysregulated pathways. The 

whole-cell hit dataset revealed enrichment of terms related to cytoskeletal organization, 

metabolism, extracellular vesicles, proteasome function, chaperone-mediated complexes, and 

antigen presentation following CsgA-WT treatment (Figure 9A-C). Interestingly, the term “amyloid 

fibril formation” was detected in CsgA-WT vs PBS whole-cell lysates (Figure 9C), which included 

the upregulated APP and APOE, both involved in AD [323, 324]. Notably, the term “bacterial 

invasion of epithelial cells” was also enriched, suggesting that HuTu-80 cells recognize CsgA-WT 

as a bacterial-derived molecule and mount a corresponding cellular response (Figure 9B). In 

lysosome-enriched fractions, GO analysis (CsgA-WT vs PBS) identified “lysosome” as a 

significantly enriched term, validating the lysosomal immunoprecipitation strategy, along with 

pathways related to intracellular transport, including endocytosis and vesicle-mediated transport 

(Figure 9A). Together, these data indicate that CsgA-WT elicits a stress response in HuTu-80 by 
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evoking protein level changes in intracellular functions (mitochondria, proteasome, chaperones, 

and vesicular trafficking) and intercellular communication pathways (extracellular vesicles and 

antigen presentation). 

 

 
 

Figure 9. GO analysis reveals cellular stress response and altered intercellular communication in 

CsgA-WT-treated human enteroendocrine cells. 

A) Gene ontology pathway analysis showing the top enriched biological processes (BP) and cellular 

components (CC) for CsgA-WT vs PBS hit proteins in whole-cell lysates and lysosomes using ShinyGO. 

B) KEGG pathway analysis showing the top enriched pathways for hit proteins in the whole-cell lysates for 

the CsgA-WT vs PBS comparison using ShinyGO. 

C) Gene ontology pathway analysis showing the top enriched (BPs) for CsgA-WT vs PBS hit proteins in 

whole-cell lysates and lysosomes using ShinyGO filtering for a maximum of 100 genes per pathway. 
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It should be noted that an initial GO enrichment analysis was performed by the proteomics facility 

without filtering the lysosomal dataset. This analysis revealed altered mitochondrial pathways 

(Figure 10), hence the lysosomal dataset hits in the CsgA-WT versus PBS condition were 

additionally screened for known mitochondrial proteins using the human MitoCarta 3.0 dataset. A 

total of 156 hit proteins were mitochondrial in the CsgA-WT versus PBS lysosomal dataset 

(Figure 8C), suggesting that the lyso-IP protocol is not specific for lysosomes and that CsgA-WT 

impacted mitochondrial protein levels and potentially mitochondrial function. 

 

 
Figure 10. GO analysis uncovers altered mitochondrial pathways in human enteroendocrine cells 

by CsgA-WT treatment.  

GO enrichment analysis showing the top upregulated and downregulated BPs and CCs in whole-cell and 

lysosome lysates for the CsgA-WT vs PBS comparison provided by the proteomics facility using the 

“clusterProfiler” and “org.Hs.eg.db” libraries in Rstudio (RRID:SCR_000432). 
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5.1.2.3 CsgA-WT downregulates the expression of mitochondrial antioxidant proteins and 

complex subunit proteins, without affecting superoxide levels or mitochondrial respiration in 

enteroendocrine cells 

Mitochondria dysfunction is linked to PD pathogenesis, α-SYN pathology, and neurodegeneration 

[168, 180-183, 185-187]. Moreover, mitochondria are important for proper EEC function upon 

nutrient exposure, and the gut microbiota participates in the mitochondrial dynamics and 

development of EECs [192, 194]. Hence, we argued that the proteomic changes observed by 

CsgA-WT in HuTu-80 would impede EEC mitochondrial homeostasis and could predispose to 

mitochondrial-related PD pathology. Particularly, CsgA-WT downregulated the antioxidant 

proteins PARK7 (DJ-1) and SOD1 in whole-cell HuTu-80 lysates and enriched multiple terms 

involved in ATP synthesis, oxidative phosphorylation, and mitochondrial membrane potential in 

the lysosomal dataset (Figure 10). Initially, we assessed whether CsgA would have a direct effect 

on mitochondria by live-cell imaging of fluorescently labelled CsgA and curli together with 

MitoTracker, a cell-permeable dye which accumulates and fluorescently labels mitochondria with 

an active membrane potential. Live-cell imaging revealed lack of co-localization between CsgA-

WT-594 or curli-594 with mitochondria (Figure 11A), suggesting that CsgA-WT affected 

mitochondria indirectly. No obvious changes in mitochondrial morphology were observed by 

CsgA-WT-594 or curli-594 treatment compared to the PBS control (Figure 11A). Then, we 

proceeded to validate PARK7 and SOD1 downregulation by CsgA-WT. CsgA-WT caused a 

significant reduction in SOD1 levels, while the decrease was non-significant for PARK7 (Figure 

11B). Due to the decrease in SOD1, the mitochondrial superoxide levels were measured using 

MitoSOX. MitoSOX is targeted at mitochondria in living cells emitting fluorescence upon oxidation 

by superoxides. As positive controls, we treated cells with H2O2 and antimycin A, both of which 

can increase mitoSOX intensity [325, 326]. Surprisingly, flow cytometry analysis of MitoSOX-

stained HuTu-80 did not reveal any change in fluorescence between CsgA-WT and PBS (Figure 

11C). Instead, we observed a significant increase in MitoSOX fluorescence by curli treatment to 

a similar extent to H2O2 treatment (Figure 11C). Therefore, CsgA-WT downregulated SOD1 

protein expression without impacting mitochondrial superoxide levels, whereas curli promoted an 

increase in mitoSOX intensity. 

Mitochondrial oxidative phosphorylation capacity was assessed by blotting against mitochondrial 

complex subunit levels in whole-cell lysates and evaluating oxygen consumption rate (OCR) using 

the Seahorse assay. We measured the levels of complex I subunits NDUFV1 and NDUFS3, the 

complex IV subunits COX2 and COX4, and the complex V subunit ATP5A. Except for COX2, the 

levels of these subunits were increased in the lysosomal fractions of CsgA-WT-treated cells but 

were unaltered in the whole-cell proteomics dataset. By contrast, CsgA-WT induced a significant 
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reduction in NDUFV1 and COX2 levels in whole-cell lysates by WB (Figure 11D), demonstrating 

that the function of complexes I and complex IV might be impaired thereby affecting mitochondrial 

respiration. Mitochondrial ATP production was indirectly measured by the OCR using the 

Seahorse assay. Treatment with CsgA-WT or curli did not significantly impair basal respiration, 

ATP-linked respiration, or the maximal respiratory capacity of the cells (Figure 11E), suggesting 

that despite the downregulation of NDUFV1 and COX2, the cells are able to compensate and 

maintain their mitochondrial respiratory capacity. 

Together, these results indicate CsgA-WT reduces the levels of proteins involved in antioxidant 

response and the mitochondrial respiratory chain, yet not sufficiently to provoke stark superoxide 

oxidative stress or mitochondrial respiratory dysfunction in enteroendocrine cells. 
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Figure 11. Reduction in SOD1, NFDUV1 and COX2 without perturbed superoxide production or 

mitochondrial respiration in CsgA-WT-treated human enteroendocrine cells. 

A) Representative live-cell images of HuTu-80 cells treated with CsgA-WT-594 and curli-594 (red) and 

stained with MitoTracker (green) to evaluate mitochondrial localization of the bacterial amyloids. PBS was 

used as a negative control. Images were taken 48 hours after treatment. Scale bars: 10 μm. 

B) Representative Western blot against PARK7 (DJ-1) and SOD1 in HuTu-80. Quantification of PARK7 and 

SOD1 levels, normalized to β-actin for each treatment, expressed as relative fold-change to PBS. Mean ± 

SEM, *p<0.05, ***p<0.001, one-way ANOVA with Tukey correction for multiple comparisons, n=3 

independent experiments. 
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C) Representative histogram of MitoSOX median intensity by flow cytometry for the conditions depicted in 

HuTu-80. Quantification of MitoSOX median intensity expressed as relative fold-change to PBS.  H2O2 and 

antimycin A were used as positive controls. Mean ± SEM, *p<0.05, **p<0.01, one-way ANOVA with Tukey 

correction for multiple comparisons (left graph), unpaired two-tailed t-test (right graph), n=4,8 independent 

experiments. 

D) Representative Western blot against NDUFV1, NDUFS3, COX2, COX4, and ATP5A and quantification 

of the mitochondrial subunit levels, normalized to VDAC for each treatment, expressed as relative fold-

change to PBS. Mean ± SEM, *p<0.05, **p<0.01, one-way ANOVA with Tukey correction for multiple 

comparisons, n=3-5 independent experiments. 

E) Mitochondrial respiration measured through oxygen consumption rate using the Seahorse assay for the 

indicated conditions. The basal respiration, ATP-linked respiration, and maximal respiratory capacity were 

calculated from the kinetic measurements using the values after drug treatments as described in the 

“Materials & Methods” section. Mean ± SEM, one-way ANOVA with Tukey correction for multiple 

comparisons, n=6 independent experiments. 

 

 

5.1.2.4 Reduction in HSP90 chaperone and proteasome subunit levels by CsgA-WT without an 

impact on chymotrypsin-like proteasome activity in enteroendocrine cells 

Whole-cell lysate KEGG pathway analysis revealed altered proteasome function and chaperone-

mediated complex assembly (Figure 10B), hinting towards impaired cellular stress response in 

CsgA-WT-exposed HuTu80. Both proteasome and chaperone dysfunction are implicated in α-

SYN pathology and PD [253-259, 327]. Several proteasome subunits were downregulated by 

CsgA-WT, and the decrease was verified by WB for the structural subunits PSMA3 and PSMB2, 

and the chymotrypsin-like catalytic subunit PSMB5 (Figure 12A). Interestingly, there was a trend 

towards a decline for PSMA3 and PSMB2 by CsgA-R12343 (Figure 12A). Despite the 

proteasome subunit reduction by CsgA-WT, the chymotrypsin-like activity of the proteasome, as 

assessed by fluorescent release of the Suc-Leu-Leu-Val-Tyr-AMC substrate, was unchanged in 

lysates from CsgA-WT-treated HuTu-80 (Figure 12B). Other than the proteasome, chaperones 

participate in cellular proteostasis. The chaperone with the highest fold-change decrease by 

CsgA-WT and linked to PD was HSP90 [327], and we verified this reduction by WB (Figure 12A). 

The antibody recognized both HSP90AA1 and HSP90AB1 isoforms, and proteomics displayed a 

significant downregulation for both although HSP90AB1 was affected to a lesser degree by CsgA-

WT. To understand whether the downregulation on the protein or mRNA levels, we performed 

qRT-PCR in HuTu-80 cDNA preparations against HSP90AA1 and HSP90AB1. HSP90AA1 

expression was unaltered, whereas HSP90AB1 expression was augmented by CsgA-WT (Figure 

12C). This could explain why the HSP90AB1 protein levels were decreased to a lesser extent 

than HSP90AA1 and could describe a compensatory mechanism. Nonetheless, the stark 

downregulation of HSP90 (50% of the PBS control) implied that the cells could not maintain the 

chaperone’s levels by transcriptional upregulation in response to CsgA-WT. To further evaluate 

the proteasome subunit and HSP90 chaperone downregulation over the bacterial amyloid 
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exposure course, their protein levels were measured at 24 hours instead of 48 after treatment. 

There were no significant changes in PSMBA3, PSMB2, or HSP90 levels over 24 hours (Figure 

12D). These results together suggest that CsgA-WT did not immediately affect proteasome 

subunit and HSP90 levels, and rather the accumulation of CsgA-WT over the 24-hour treatment 

time window was responsible for the observed protein alterations. The cells appeared to 

compensate as observed by the elevated HSP90AB1 and the unaltered chymotrypsin-like 

proteasome activity. 

 

Fig 12. Declined HSP90 and proteasome subunit protein levels pinpoint towards altered stress 

response in CsgA-WT-treated human enteroendocrine cells. 

A) Representative Western blots of HSP90, PSMA3, PSMB2, and PSMB5 in HuTu-80 cells treated for the 

indicated conditions for 48 hours. Quantification of HSP90, PSMA3, and PSMB2 levels, normalized to β-

actin for each treatment, and expressed as relative fold-change to PBS. Mean ± SEM, *p<0,05, **p<0.01, 

one-way ANOVA with Tukey correction for multiple comparisons; n=7 independent experiments. 

B) Proteasome chymotrypsin-like kinetic assay measured by fluorescence emission over time by cleavage 

of the substrate Suc-Leu-Leu-Val-Tyr-AMC, expressed as fold-change to the PBS control at time point 0. 

Mean ± SEM; one-way ANOVA with Tukey correction for multiple comparisons (for the endpoint at 2 h), 

n=5-6 independent experiments. 
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C) HSP90AA1 and HSP90AB1 mRNA expression normalized to ACTB expression for the conditions 

indicated and expressed as relative fold-change to the PBS control. Mean ± SEM, *p<0,05, one-way ANOVA 

with Tukey correction for multiple comparisons for each gene; n=3 independent experiments. 

D) Representative Western blots of HSP90, PSMA3, and PSMB2 in HuTu-80 cells treated for the indicated 

conditions for 24 hours. Quantification of HSP90, PSMA3, and PSMB2 levels, normalized to β-actin for 

each treatment, and expressed as relative fold-change to PBS. Mean ± SEM, one-way ANOVA with Tukey 

correction for multiple comparisons, n=5-6 independent experiments 

 

5.1.2.5 CsgA-WT induces downregulation of lysosomal trafficking and upregulation of alpha-

synuclein extracellular vesicle release in human enteroendocrine cells 

Even though CsgA-WT elicited a decline in mitochondrial and proteostasis-related proteins, there 

was not a robust effect on mitochondrial function, proteasome activity, or autophagy. Therefore, 

we revisited the proteomics dataset and GO analysis, to unravel a homeostatic response of HuTu-

80 to CsgA-WT. Combination of whole-cell and lysosomal proteomics analysis revealed altered 

intracellular processes, such as vesicular trafficking, and pathways associated with intercellular 

communication, including extracellular vesicles and antigen presentation. Based on these results, 

we initially focused on lysosomal pathways and validated selected proteins involved in 

intracellular transport in CsgA-treated samples (Figure 13A). Protein hits were selected based 

on reported interactions with α-SYN (AP2S1, LAMP2), α-SYN trafficking (DYNC1I2) or genetic 

evidence linking their encoding genes to PD (VPS26A) [226, 233, 240]. Due to the greater effect 

of CsgA-WT on the HuTu-80 proteome, curli were excluded from the following analyses. CsgA-

WT treatment resulted in a significant reduction of AP2S1, DYNC1I2, and LAMP2 in lysosome-

enriched fractions, whereas VPS26A levels were unchanged (Figure 13B). CsgA-WT did not 

induce significant differences in AP2S1, DYNC1I2, LAMP2, or VPS26A levels in whole-cell 

lysates. DYNC1I2 is a component of the dynein motor complex implicated in autophagic trafficking 

and α-SYN clearance, while LAMP2 plays a key role in CMA of α-SYN [214-216, 232, 233, 328]. 

Based on these observations, we hypothesized that lysosomal localization of α-SYN is impaired. 

Consistent with this, CsgA-WT treatment led to a significant reduction of α-SYN in lysosome-

enriched fractions, without affecting total cellular α-SYN levels, in HuTu-80-T192A cells (Figure 

13C). We next investigated the intracellular fate of α-SYN following CsgA-WT treatment. Given 

that autophagic flux was unchanged (Figures 5E-F), SNCA mRNA levels remained unaltered 

(Figure 13D), proteasome subunits were downregulated (Figure 12A), and multiple lysosomal 

trafficking proteins were reduced (Figures 13B), we reasoned that α-SYN trafficking, rather than 

its synthesis or degradation, was primarily affected. Accordingly, increased levels of α-SYN were 

detected in the extracellular supernatant of HuTu-80 cells treated with CsgA-WT (Figure 13E). 

Therefore, CsgA-WT induced a change in α-SYN localization away from lysosomes towards 

cellular release. 
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Figure 13. Reduced lysosomal α-SYN localization and increased α-SYN release in CsgA-WT-treated 

human enteroendocrine cells. 

A) Graphical summary displaying the main subcellular location of the intracellular trafficking proteins 

AP2S1, DYNC1I2, LAMP2, and VPS26A (in red) downregulated in the lysosomal proteomics dataset by 

the CsgA-WT treatment versus the PBS control. 

B) Representative Western blot analysis of AP2S1, DYNC1I2, LAMP2, and VPS26A in whole-cell lysates 

(input) and lyso-IP (IP) samples for the indicated treatments. Quantification of the indicated proteins, 

normalized to GAPDH (input) or HA tag (IP), expressed as relative fold-change to the PBS control. Mean ± 

SEM, *p<0.05, **p<0.01, one-way ANOVA with Tukey’s correction for multiple comparisons (DYNC1I2, 

LAMP2, VPS26A both in input and IP; AP2S1 in input) or Brown-Forsythe and Welch ANOVA with Tukey’s 

correction for multiple comparisons (AP2S1 in IP), n=3-7 independent experiments. 

C) Representative Western blot analysis of α-SYN in whole-cell lysates and lysosomal-IP samples for the 

indicated treatments in HuTu-80-TMEM192-3xHA. Quantification of α-SYN levels, normalized to GAPDH 

(input) and HA tag (IP), expressed as relative fold change compared to the PBS control. Mean ± SEM, 

**p<0.01, one-way ANOVA with Tukey’s correction for multiple comparisons within the input or IP 

conditions, n=7 independent experiments. 

D) SNCA mRNA expression normalized to ACTB and expressed as log2 fold-change relative to the PBS 

control for the conditions indicated. Mean ± SEM, one-way ANOVA with Tukey’s correction for multiple 

comparisons, n=3 independent experiments. 

E) ELISA measurements of α-SYN in HuTu-80 supernatants for the conditions indicated. Mean ± SEM, 

*p<0.05, one-way ANOVA with Tukey’s correction for multiple comparisons, n=6 independent experiments. 
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To investigate the manner of α-SYN release we utilized the whole-cell proteomics data, where the 

GO term “extracellular vesicles” was the most significant enriched pathway by CsgA-WT vs PBS 

treatment (Figure 10A). Thus, we purified EVs from CsgA-treated HuTu-80 to investigate the 

levels of α-SYN and EV marker proteins. We were able to purify EVs from all three treatment 

conditions with sizes ranging from 20-300 μm (Figures 14A-B), values comparable to literature 

[28]. CsgA-WT induced an elevation in EV levels of α-SYN (Figure 14C) and a significant increase 

in whole-cell lysate levels of RAB27A (Figure 14D), which is involved in tethering of vesicles to 

the cell membrane in the exosome secretion pathway [329]. Analysis of EV marker proteins in EV 

fractions showed a significant increase in CD63, but not in ALIX or FLOT1 from CsgA-WT-treated 

cells (Figure 14E). The levels of CD63 and ALIX were unchanged in whole-cell lysates with 

FLOT1 showing a non-significant increase by CsgA-WT (Figure 14D). The number and size of 

released EVs was similar between the treatment conditions (Figure 14E). Together these results 

indicate that CsgA-WT alters lysosomal trafficking pathways with concomitant changes of α-SYN 

localization from lysosomes to extracellular release. The enrichment of α-SYN and CD63 in EVs, 

both of which are involved in immune cell regulation [13, 330], suggests the acquisition of immune-

modulatory properties of HuTu-80 exposed to CsgA-WT. 
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Figure 14. Elevated RAB27A in whole-cell lysates accompanied by increased α-SYN and CD63 in 

EVs of CsgA-WT-treated human enteroendocrine cells . 

A) Representative transmission electron microscopy images of negative-stained extracellular vesicle-

enriched samples from HuTu-80 supernatant for the indicated treatments. Scale bar: 100 nm. 

B) ELISA measurements of α-SYN in HuTu-80 extracellular vesicles for the conditions indicated. Mean ± 

SEM, *p<0.05, one-way ANOVA with Tukey’s correction for multiple comparisons, n=6 independent 

experiments. 

C) Representative Western blot for RAB27A in whole-cell HuTu-80 lysates and the respective quantification 

normalized to GAPDH, expressed as relative fold change to PBS for the indicated conditions. Mean ± SEM, 

*p<0.05, one-way ANOVA with Tukey’s correction for multiple comparisons, n=3 independent experiments. 

D) Representative Western blot against CD63, ALIX, and FLOT1 in extracellular vesicles and whole-cell 

lysates (input) for the indicated treatments. Quantifications of CD63, ALIX, and FLOT1 for the input 

(normalized to GAPDH) and the EV fraction, expressed as relative fold change to PBS. Mean ± SEM, 

*p<0.05, one-way ANOVA with Tukey’s correction for multiple comparisons, n=5 independent experiments. 

E) Nanoparticle tracking analysis measurements of the number of billion particles per mL and the size 

frequency distribution (in nm) in EV preparations from HuTu-80 treated with the indicated conditions. Mean 

± SEM, one-way ANOVA with Tukey’s correction for multiple comparisons, n=3 independent experiments. 

 

 

5.1.3 Question 3: What is the immune response of enteroendocrine cells exposed to CsgA? 

 

5.1.3.1 HuTu-80 upregulate chemokine secretion and antigen presentation upon CsgA-WT 

treatment, and their extracellular vesicles sustain macrophage cytokine release associated with 

immune exhaustion properties. 

A-SYN functions as an antimicrobial molecule to elicit immune responses and to limit bacterial 

growth [64-66, 331]. Considering enteroendocrine cells were exposed to the bacterial protein 

CsgA-WT which induced α-SYN release (Figures 13E, 14B), we evaluated the effect of HuTu-80 

secretome on E. coli growth and HuTu-80 EVs in macrophage cytokine release. Conditioned 

medium from CsgA-treated HuTu-80 did not have a significant effect on E. coli growth (Figure 

15A-B), suggesting that the increased α-SYN concentration is not sufficient to prevent bacterial 

growth. 

To study whether CsgA promotes immune activation in EECs, we next measured antigen 

presentation markers and chemokine release in HuTu-80, as well as EV-mediated cytokine 

release in macrophages. Flow cytometric analysis revealed a significant increase in cell surface-

expressing HLA-DR cells by CsgA-WT (Figure 15C) in line with the enrichment of the “antigen 

presentation” GO term in our proteomics (Figure 10B). Accordingly, chemokine measurements 

showed a significant increase of IL-8 and MIP-1α in CsgA-WT-treated HuTu-80 versus the PBS 

control (Figure 15D) suggesting HuTu-80 acquire immuno-attractive properties in response to 

CsgA-WT.  
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Figure 15. Conditioned medium from CsgA-WT-treated does not affect E. coli growth, but CsgA-WT 

elicits HLA-DR surface exposure and IL-8, MIP-1α chemokine release in human enteroendocrine 

cells. 

A) OD measurements at 600 nm of E. coli grown in LB with 50% HuTu-80 conditioned medium from cells 

pre-treated with PBS, CsgA-WT, or CsgA-R12343 for the indicated time points. Untreated and ampicillin-

treated bacteria were used negative and positive controls, respectively. A starting OD of 1 was used. Mean 

± SEM, one-way ANOVA with Tukey's correction for multiple comparisons, n=3 independent experiments. 

B) OD measurements at 600 nm of E. coli grown for 16 hours in LB with 50% HuTu-80 conditioned medium 

from cells pre-treated with PBS, CsgA-WT, or CsgA-R12343 using different starting bacterial ODs. Mean ± 

SEM, one-way ANOVA with Tukey's correction for multiple comparisons, n=3 independent experiments. 

C) Surface HLA-DR flow cytometry histograms and quantification of percentage of HLA-DR+ HuTu-80 cells 

for the indicated conditions. Mean ± SEM; *p<0.05, one-way ANOVA with Tukey's correction for multiple 

comparisons, n=4 independent experiments. 

D) HuTu-80 chemokine release measurements (log2 transformed for graphical presentation) in the 

supernatant for the indicated conditions. Geometric mean ± geometric SD; *p<0.05, **p<0.01 (CsgA-WT vs 

PBS), #p<0.05, ##p<0.01 (CsgA-WT vs CsgA-R12343), one-way ANOVA with Tukey’s correction for 

multiple comparisons (for MIP-3α, IP-10, I-TAC, and Eotaxin), lognormal one-way ANOVA with Tukey’s 

correction for multiple comparisons (for IL-8, MCP-1, and RANTES), Kruskal-Wallis test with Dunn’s 

correction for multiple comparisons (for MIP-1α), n= 3-8 independent experiments. 
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Considering intestinal epithelial EVs regulate gut immune cell responses [265], α-SYN and CD63 

levels were increased in EVs from CsgA-WT-treated HuTu-80 cells (Figures 14B, D), and CsgA 

was detectable in EVs (Figure 16A), we proceeded to evaluate the HuTu-80 EV 

immunomodulatory function in macrophages. Control HuTu-80 EVs provoked a strong pro-

inflammatory IL-1b, IL-6, TNFα, IL-23, IL-8 cytokine and IL-8, MCP-1 chemokine release in 

macrophages (Figure 16B). The macrophage anti-inflammatory cytokine IL-10 was also elevated 

by the addition of HuTu-80 EVs on macrophages implying a complex macrophage immune 

response. On the contrary, EVs from CsgA-WT-treated HuTu-80 dampened the acute secretion 

of the macrophage pro-inflammatory cytokines IL-1b, IL-6, and IL-23 (Figure 16B). To evaluate 

the effect of EVs from CsgA-treated HuTu-80 in macrophages over a longer duration, the EVs 

were withdrawn from the medium and the cells were allowed to recover fir 48 hours (Figure 16C). 

Cytokine release was evaluated under basal conditions (no stimulus - H2O control) or following 

exposure to a subsequent inflammatory LPS stimulus. Under basal conditions, macrophages 

exposed to EVs from CsgA-treated HuTu-80 displayed an elevated IL-1β, IL-6, and IL-10 

secretion compared to macrophages exposed EVs from PBS-treated HuTu-80 (Figure 16E), 

suggesting a sustained inflammatory state of macrophages. LPS treatment augmented IL-1β, IL-

10, TNFα, and IL-10 release in macrophages exposed to control HuTu-80 EVs (Figure 16E). 

Importantly, the effect of LPS on cytokine release was abolished in macrophages exposed to EVs 

from CsgA-treated HuTu-80 (Figure 16E), indicating the reduced responsiveness of these 

macrophages to a subsequent inflammatory stimulus. This effect was present for both CsgA-WT 

and CsgA-R12343, suggesting it is independent of amyloid formation. 

Altogether, CsgA induces an immunomodulatory HuTu-80 phenotype, characterized by increased 

HLA-DR surface expression and chemokine release, while CsgA-associated EVs promote a 

sustained macrophage activation state with subsequent exhaustion. 
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Figure 16. Extracellular vesicles from CsgA-treated HuTu-80 sustain cytokine release in KOLF2.J1 

macrophages which show reduced responsiveness to secondary LPS stimulus. 

A) Representative Western blots against 6xHis (CsgA), ALIX, and GAPDH for input and EV fractions of 

HuTu-80 for the indicated treatment conditions. 

B) Cytokine release measurements (log10 transformed for graphical presentation) in the supernatant by 

macrophages cultured with extracellular vesicles derived from PBS, CsgA-WT, or CsgA-R12343-treated 

HuTu-80. Untreated macrophages were used as a negative control. Mean ± SEM; *p<0.05, Kruskal-Wallis 

test with Dunn’s correction for multiple comparisons (between extracellular vesicle-treated macrophages), 

n= 4 independent experiments. 
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C) Schematic of the experimental set-up to study the effect of HuTu-80-derived extracellular vesicles on 

macrophage cytokine release following LPS exposure. 

D) Cytokine release measurements in the supernatant by macrophages cultured with extracellular vesicles 

derived from PBS, CsgA-WT, or CsgA-R12343-treated HuTu-80 and treated with LPS (Figure 4E). 

Geometric mean ± geometric SD, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (comparisons between EVs 

from HuTu-80 with different bacterial amyloid exposure for the same second hit – H2O or LPS), ###p<0.001, 

####p<0.0001 (comparisons between EVs from the same HuTu-80 treatment between H2O and LPS), two-

way ANOVA with Tukey’s correction for multiple comparisons (IL-1β, IL-6), two-way ANOVA of log10-

transformed data with Tukey’s correction for multiple comparisons (TNFα, IL-10), n=6 independent 

experiments. 

 

 

5.1.4 Question 4: Can CsgA initiate α-SYN pathology in the human intestine? 

 

5.1.4.1 CsgA does not promote α-SYN aggregation in enteroendocrine cells 

CsgA cross-seeds with α-SYN in vitro, and PD animal models display faster pathology 

progression when fed with E. coli WT versus E. coli ΔcsgBAC [121-125]. Furthermore, we found 

that CsgA and curli are trafficked to the lysosomes (Figures 4-5) where α-SYN is also present 

and degraded [215, 332]. Thus, we investigated whether amyloid cross-seeding occurs in CsgA-

treated HuTu-80. Our cell model did not overexpress α-SYN and did not include any genetic 

variant involved in PD, thus we co-treated HuTu-80 with various molecules acting as secondary 

stressors (α-SYN, CBE, or LPS). Exogenous α-SYN monomers increased HuTu-80 α-SYN levels 

(Figure 17A). CBE is an enzymatic inhibitor of lysosomal GCase [333], which was used to mimic 

the loss of GCase enzymatic function caused by GBA1 variants. Using a dose curve, the minimum 

CBE concentration conferring almost 100% loss of GCase activity was determined at 50 μM 

(Figure 17B). Finally, bacterial LPS from the pathogenic E. coli O111:B4 [334, 335] was used as 

a pro-inflammatory molecule [95, 96] that also augmented endogenous α-SYN levels in EECs 

[68]. As a positive control for α-SYN aggregation, HuTu-80 were exposed to α-SYN PFF. The cells 

were treated every other day, and the duration of the experiments was 10 DIV to permit sufficient 

time for α-SYN aggregation. 
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Figure 17. A-SYN monomer treatment and CBE dose curve in HuTu-80. 

A) Western blot against α-SYN in HuTu-80 treated with exogenous α-SYN monomers with the 

concentrations indicated. Quantification of α-SYN levels normalized to β-actin and expressed as relative 

fold change to PBS. 

B) GCase activity measured as fluorescence increase by 4-Methylumbelliferyl β-D-glucopyranoside 

digestion and expressed relative to the H2O control for the indicated CBE concentrations. 

 

Lysates from treated cells underwent Triton X-soluble and Triton X-insoluble fractionation to 

evaluate α-SYN aggregation. Aggregates of α-SYN are Triton X-insoluble and are visualized as 

higher molecular weight bands. CsgA-WT, CsgA-R12343, or curli fibers together with exogenous 

α-SYN monomers did not induce α-SYN aggregation in HuTu-80, and monomers (~17 kDa) were 

visible (Figure 18A). By contrast, α-SYN PFF caused the appearance of a smear and higher 

molecular bands when blotted against the α-SYN antibody (Figure 18A). The α-SYN band at 50 

kDa was background signal detected by the antibody and it was also present in all conditions in 

whole blots of Triton X-soluble fraction against α-SYN. Similarly, CsgA or curli together with CBE 

did not promote α-SYN aggregation (Figure 18B). Finally, curli and LPS did not provoke any 

significant changes in Triton X-soluble or Triton X-insoluble α-SYN levels and did not induce α-

SYN aggregation (Figure 18C). We detected α-SYN puncta formation in a subset of HuTu-80 

treated with CsgA-WT together with α-SYN monomers (Figure 19), suggesting α-SYN 

accumulation in certain enteroendocrine cells. 
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Figure 18. Treatment with CsgA or curli does not promote α-SYN aggregation in in human 

enteroendocrine cells. 

A) Representative Western blots of Triton X-insoluble and Triton X-soluble lysates for the indicated 

conditions to assess α-SYN aggregation following CsgA and exogenous α-SYN treatment. B-actin was 

used as a housekeeping control. A-SYN PFF: α-SYN pre-formed fibrils (0.5 μM); A-SYN mono: α-SYN 

monomers (50 μg/mL). Tx: Triton X. 

B) Representative Western blots of Triton X-insoluble and Triton X-soluble lysates for the indicated 

conditions to assess α-SYN aggregation following CsgA and CBE treatment. B-actin was used as a 

housekeeping control. CBE: conduritol-b-epoxide (50 μM). Tx: Triton X. 

C) Representative Western blots of Triton X-insoluble and Triton X-soluble lysates for the indicated 

conditions to assess α-SYN aggregation following CsgA and LPS treatment. Quantifications of α-SYN levels 

normalized to GAPDH or vimentin for each fraction, expressed as relative fold-change to PBS. Mean ± 

SEM, one-way ANOVA with Tukey’s correction for multiple comparisons, n=5 independent experiments. 

LPS: lipopolysaccharide; Tx: Triton X. 
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Figure 19. Treatment with CsgA-WT and α-SYN monomers causes α-SYN puncta formation in a 

subset of in human enteroendocrine cells. 

Representative images of HuTu-80 stained against total α-SYN (green) for the treatment conditions 

indicated. DAPI (blue) was used as a nuclear counterstain. A-SYN mono = monomers (negative control); 

α-SYN PFF = pre-formed fibrils (positive control). Scale bar: 10 μm. 

 

 

Next, we utilized the E. coli K12 strain either WT or ΔcsgBAC (negative control), since these 

strains accelerated α-SYN aggregation in PD animal models [122-124]. HuTu-80 were co-treated 

with CBE, NaNO2, low α-SYN PFF concentration, A. muciniphila conditioned medium (CM), or 

IFNg. NaNO2 is a source of nitric oxide and is associated with intestinal inflammation, gut 

microbiota balance disruption, and α-SYN pathology [336-338]. In the same line, A. muciniphila 

CM promoted α-SYN phosphorylation and aggregation in mouse STC-1 enteroendocrine cells 

[89]. Finally, IFNg is elevated in the serum of PD patients [49] and promoted Lewy body-like 

formation in human stem cell-derived dopaminergic neurons upon co-treatment with α-SYN PFF 

[50]. To induce biofilm formation and curli production, E. coli was initially grown on YESCA agar 

plates at 26oC for 48 hours (Figure 20A). Congo Red staining, and sedimentation assay verified 

biofilm formation by E. coli WT but not by E. coli ΔcsgBAC (Figures 20A-B). When the bacteria 

were centrifuged and the supernatant OD was measured at 500 nm, the reduction in absorbance 

in the medium by E. coli WT vs ΔcsgBAC (Figure 20C) further suggested that Congo Red was 

incorporated in the bacterial biofilm. Subsequently, E. coli WT or ΔcsgBAC was co-cultured with 
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HuTu-80 for 10 DIV but did not induce any visible α-SYN aggregation in the Triton X-insoluble 

fractions alone or together with any of the molecules tested (Figures 20D-G). The levels of Triton 

X-soluble α-SYN were measured following treatment with E. coli and IFNg, but not significant 

changes were observed (Figure 20G). Thus, biofilm forming E. coli is not sufficient to promote α-

SYN aggregation in HuTu-80 even in the presence of the stressors CBE, NaNO2, α-SYN PFF, A. 

muciniphila CM, or IFNg. 

Overall, these results indicated that CsgA-WT, curli fibers, or biofilm-forming E. coli did not initiate 

α-SYN aggregation under the tested conditions in HuTu-80 EECs. 



91 
 

 
 

 
Figure 20. Treatment with biofilm-producing E. coli does not lead to α-SYN aggregation in in human 

enteroendocrine cells. 

A) E. coli WT and ΔcsgBAC grown on YESCA agar plates with Congo Red at 26oC for 48 hours. 
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B) E. coli WT and ΔcsgBAC sedimentation assay in YESCA medium with Congo Red. 

C) Quantification of OD at 500 nm of YESCA + Congo Red supernatant from E. coli WT and ΔcsgBAC 

cultures. Mean ± SEM, *p<0.05, unpaired two-tailed t-test, n=3 independent experiments. 

D) Representative Western blots of Triton X-insoluble and Triton X-soluble lysates for the indicated 

conditions to assess α-SYN aggregation following E. coli co-culture and CBE treatment. Vimentin and 

GAPDH were used as loading controls for each lysate fraction. CBE: conduritol-b-epoxide (50 μM). WT: E. 

coli WT; KO: E. coli ΔcsgBAC; PFF: α-SYN pre-formed fibrils (0.5 μM). 

E) Representative Western blots of Triton X-insoluble and Triton X-soluble lysates for the indicated 

conditions to assess α-SYN aggregation following E. coli co-culture and NaNO2 or low α-SYN PFF 

concentration treatment. Vimentin and GAPDH were used as loading controls for each lysate fraction. 

NaNO2: sodium nitrite (20 μM); PFF (low C): α-SYN pre-formed fibrils (25 ng/mL). The same ladder applies 

as in panel D. 

F) Representative Western blots of Triton X-insoluble and Triton X-soluble lysates for the indicated 

conditions to assess α-SYN aggregation following E. coli co-culture and A. muciniphila CM treatment. 

Vimentin and GAPDH were used as loading controls for each lysate fraction. CM: conditioned medium. The 

5% CM was added for a total of 2 DIV. The same ladder applies as in panel D. 

G) Representative Western blots of Triton X-insoluble and Triton X-soluble lysates for the indicated 

conditions to assess α-SYN aggregation following E. coli co-culture and IFNg (0.2 ng/mL) treatment. 

Quantifications of Triton X-soluble α-SYN levels normalized to GAPDH expressed as relative fold-change 

to H2O control. Mean ± SEM, one-way ANOVA with Tukey’s correction for multiple comparisons, n=3 

independent experiments. 

 

5.1.4.2 Extracellular vesicles from CsgA-WT-treated HuTu-80 induce α-SYN seeding competency 

in peripheral neuron and macrophages 

The enteric neurons and the intestinal immune system are integral gut components and are 

implicated in the early development and propagation of PD pathology [21, 52, 162, 339]. 

Considering HuTu-80-derived EVs show increased α-SYN levels, carry CsgA, and affect 

macrophage cytokine release (Figures 14B, 16A-B), we hypothesized that their exposure to 

peripheral neurons and macrophages would promote α-SYN aggregation. Peripheral neurons 

were derived as described by Reinhardt et al [301] and their detailed characterization is shown in 

the next section. Differentiated macrophages stained positive for the immune or macrophage cell 

surface markers CD45, CD68, CD86, and CD163 (Figure 21A). When co-cultured, peripheral 

neurons and macrophages retained TUJ1 and CD86 marker expression, respectively (Figure 

21B). Notably, CD86 signal intensity was reduced, and macrophages appeared spherical in co-

cultures compared to single cultures (Figure 21A-B). Using flow cytometry, CD56/NCAM and 

CD45 specifically stained neurons and macrophages, respectively (Figure 22A), and were 

employed for cell sorting experiments. In line with the CD86 immunocytochemistry (Figure 21B), 

CD45+ macrophages populations with different signal intensities were observed in co-cultures 

but not in single cultures (Figure 22A). This suggested that macrophages in co-cultures may lose 

their identity over time. Altogether, macrophages and peripheral neurons can be co-cultured and 

sorted for evaluating α-SYN aggregation. 
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Figure 21. Control cell line 1 peripheral neuron and macrophage co-cultures. 
A) Representative images of iPSC-derived macrophages stained against CD86 or CD68 (green), and 
CD163 or CD45 (red). DAPI (blue) was used as a nuclear counterstain. Scale bars: 50 μm. 
B) Representative immunofluorescence images of neurons, macrophages, and neuron/macrophage co-
cultures corresponding to 8 DIV after seeding the cells in co-cultures and stained against TUJ1 (red, 
neurons) and CD86 (green, macrophages). DAPI (blue) was used as a nuclear counterstain. Scale bar: 40 
μm. 

 

Following flow cytometry optimization, the co-cultures were treated twice with 2 μg/mL EVs from 

HuTu-80 pre-treated with CsgA-WT, CsgA-R12343, or PBS, together with 50 μg/mL α-SYN 

monomers, to increase intracellular α-SYN load. Certain co-cultures were only exposed with α-

SYN monomers or PFFs as negative and positive controls, respectively. Cells were detached and 

sorted (Figure 22B). The forward and side scatter (FSC, SSC) values were gated to filter out 

debris (Figure 22B, 1st column). Then, compensation matrices were prepared using the single-

stained co-cultures for Sytox Blue (dead cell dye), NCAM, or CD56. The live cells were determined 

via the Sytox Blue-negative staining (Figure 22B, 2nd column). Neurons and macrophages were 

gated based on the NCAM and CD45 intensities (Figure 22B, 3rd column). Finally, singlets were 

selected using the FSC area and height values. Note that macrophages displayed high size 

heterogeneity, thus the singlet gate was larger (Figure 22B, 4th and 5th column). 
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Figure 22. FACS gating strategy to sort control cell line 1 peripheral neuron and macrophages to 

measure α-SYN seeding competency in cell lysates. 

A) Representative flow cytometry plots to verify surface staining of peripheral neurons and macrophages 

in single cultures or co-cultures with NCAM and CD45, respectively. Neu: neurons; Μφ: macrophages; Co: 

co-cultures; UN: unstained. NCAM and CD45 on the title of each graph corresponded to the antibody these 

cells were stained with. 

B) Representative flow cytometry plots to isolate peripheral neurons and macrophages from co-cultures for 

the indicated treatments. Cells were initially chosen based on their forward and side scatter, then living cells 

were selected by including the Sytox Blue-negative population. Peripheral neurons and macrophages were 

separated from the co-culture based on the fluorescent signal of NCAM (CD56) and CD45, respectively. 

Single neurons and macrophages were finally sorted by gating the indicated forward scatter area and 

height. 

 

 

 

The lysates from sorted cells were analyzed by the α-SYN SAA using RT-QuIC (Figure 23A). In 

this assay, purified α-SYN monomers are incubated together with the lysates and ThT. If the 

preparation contains α-SYN seeds, then the assay’s monomers will begin to aggregate leading to 

increase in ThT fluorescence. Neurons and macrophages treated with α-SYN PFF showed the 

expected increase in ThT fluorescence that surpassed the 10% cut-off value (Figure 23B-C). 

Instead, lysates from α-SYN monomer-treated neurons and macrophages were negative 

validating our experimental controls (Figure 23B-C). Treatment with EVs from CsgA-R12343- or 

PBS-exposed HuTu-80 did not show α-SYN seeding competency in either peripheral neurons or 

macrophages, while EVs from CsgA-WT-treated HuTu-80 had a tendency for increased ThT 

fluorescence vs the PBS control (Figure 23B-C). Thus, EVs from CsgA-WT-treated HuTu-80 

promote modest α-SYN seeding capacity in recipient peripheral neurons and macrophages. 
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Figure 23. A-SYN seed amplification assay in control cell line 1 peripheral neuron and macrophage 

lysates from co-cultures treated with HuTu-80 EVs. 

A) Schematic of the experimental set-up to study the effect of HuTu-80-derived extracellular vesicles on α-

SYN seeding competency in co-cultures of peripheral neurons and macrophages. 

B) A-SYN seed amplification assay monitored with ThT fluorescence in neuron lysates for the time points 

and conditions indicated. The cut-off for positive signal (dotted line) was defined as 10% of the maximal 

fluorescence intensity (>24132). A-SYN mono = α-SYN monomers (negative control); Α-SYN PFF = α-SYN 

pre-formed fibrils (positive control). Geometric mean ± geometric SD, Kruskal-Wallis test with Dunn’s 

correction for multiple comparisons, n=3 independent experiments. 

C) A-SYN seed amplification assay monitored with ThT fluorescence in macrophage lysates for the time 

points and conditions indicated. The cut-off (dotted line) for positive signal was defined as 10% of the 

maximal fluorescence intensity (>24132). A-SYN mono = α-SYN monomers (negative control); Α-SYN 

PFF = α-SYN pre-formed fibrils (positive control). Geometric mean ± geometric SD, one-way ANOVA with 

Tukey’s correction for multiple comparisons, n=3 independent experiments. 

 

 

 

5.2 Part 2: Development of a neuron-enteroendocrine microfluidics 

co-culture model to monitor pathology propagation 

 

5.2.1 Human iPSC-derived intestinal organoids 

While HuTu-80 presented a practical and expandable enteroendocrine cell model to study the 

effect of the bacterial amyloid CsgA, the cells were limited by their cancer background. Human 

iPSC-derived models allow differentiation to cell types of interest, they permit personalized 

studies, and they can be modified to include a genetic variant of interest. Thus, they are highly 

adaptable based on the biological question investigated. Currently, EECs can be acquired from 

differentiation of iPSCs towards intestinal organoids. We employed an iPSC-to-colonic organoid 

differentiation protocol which developed EECs [300]. Using chemical modulators, the iPSCs were 

directed towards the endoderm fate, followed by the hindgut endoderm, and finally colonic 

organoids. The organoids were collected and cultured in Matrigel domes to promote their 3D 

growth. To increase EECs representation, we used organoids used between passage 3-8 which 

were maintained in culture for 8-10 days in vitro after splitting, since larger organoids showed 

reduced proliferation, improved differentiation, and increased invagination. These organoids were 

characterized by immunostaining or were dissociated and cultured in 2D transwells for an 

additional 10 days in vitro. As 2D, the cultures are more homogeneous and can be readily treated 

on the luminal side with CsgA. These 2D cultures were also fixed to be characterized by 

immunostaining. Successful HIO differentiation was revealed by the ubiquitous expression of 

CDX2, a transcription factor integral in intestinal epithelium specification and maintenance [340], 

both in 3D (Figure 24A) and 2D (Figure 24B). Chromogranin-A (CHGA), an EEC marker, was 
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also widely expressed in HIOs (Figures 23A, B) and co-labelled cells with 5-hydroxytryptamine 

(serotonin, Figure 24A), a neurotransmitter produced and released by EECs [159]. A-SYN was 

expressed by few CHGA-positive cells, yet its levels were barely detectable (Figures 23C-D). 

Therefore, while the iPSC-derived HIOs cultured in 3D or 2D contained EECs, this model was not 

appropriate for studying α-SYN pathology upon bacterial amyloid exposure. 

 

 

 

Figure 24. KOLF2.J1 iPSC-intestinal organoid characterization. 

A) Representative images of immunostained 3D-cultured intestinal organoids sections against the indicated 

proteins. CHGA: chromogranin-A (green or red); CDX2: caudal-type homeobox transcription factor 2; 5-HT: 

5-hydroxytryptamine/serotonin (green). Phalloidin (magenta) and DAPI (blue) were used as a cytoskeleton 

and nuclear counterstain, respectively. Scale bars (from top to bottom): 100 and 20 μm. 

B) Representative image of immunostained 3D-cultured intestinal organoid sections against CHGA (green) 

and α-SYN (red). DAPI (blue) was used as a nuclear counterstain. Scale bar: 30 μm. 

C) Representative image of intestinal organoids dissociated, cultured 10 DIV in 2D transwells, and 

immunostained against CDX2 (red). DAPI (blue) was used as a nuclear counterstain. Scale bar: 50 μm. 

D) Representative image of intestinal organoids dissociated, cultured 10 DIV in 2D transwells, and 

immunostained against CHGA (green) and α-SYN (red). DAPI (blue) was used as a nuclear counterstain. 

Scale bar: 30 μm. 
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5.2.2 Human iPSC-derived peripheral neurons co-cultured with HuTu-80 in microfluidics 

chips 

Intestinal α-SYN expression is not limited to EECs with the protein being produced by enteric 

neurons as well. As our neuron model, we differentiated NPCs into peripheral neurons following 

the protocol of Reinhardt et al [301]. Considering the protocol was established in the lab, a series 

of characterizations were performed. WNT signalling activation and BMP4 were used to induce 

K7 NPCs fate towards neural crest-like cells (NCLCs, 10 DIV, Figure 25A). NCLC gene 

expression was compared to iPSCs and showed proper patterning of vagal NCL lineage (PAX3, 

HOXB3-4, Figure 25A). The HOXB5 levels displayed large variability between independent 

differentiations. However, SOX10 transcription factor expression was not induced in NCLCs 

compared to iPSCs (Figure 25A), which could be a limitation of differentiating from pre-patterned 

NPCs [301], and, thus, this protocol did not derive pure enteric neurons. The early transition of 

NCLCs to neurons was verified by the increased expression of ASCL1 and PHOX2B at D10 

versus iPSCs (Figure 25A). EDNRB levels were unchanged between NCLCs and iPSCs. 

Subsequently, NCLCs were split and cultured with neuron maintenance medium for at least 11 

days to allow for differentiation towards peripheral neurons. Neuronal-like morphology was visible 

already at 15 DIV and the neurons were positive for the neuronal cytoskeleton markers TUJ1 and 

PRPH (Figure 25B). This expression persisted at 30 DIV, where neuron projection outgrowth was 

present alongside the neuron marker MAP2 (Figure 25C). Finally, a subset of cells contained 

choline-O-acetyltransferase (ChAT, Figure 25D), the acetylcholine synthesis enzyme in 

cholinergic neurons. Therefore, we were able to obtain differentiated peripheral neurons derived 

from NPCs. 

 

In the intestine, enteric neurons form synapses with EECs. To model the connection between the 

two cell types, peripheral neurons and HuTu-80 would be separated into two different microfluidics 

channels and connected via neuron projections. The commercial Netri Dualink Ultra microfluidics 

chip was selected since it consists of a middle channel further separating the cell types in the two 

side channels and minimizing medium mixing. The side and middle channels are all connected at 

the bottom through microgrooves. NCLCs were seeded into one side channel and were allowed 

to differentiate over 11 DIV (Figure 25E). Neuron projection outgrowth was promoted by doubling 

the concentration of BDNF and GDNF adding less medium volume in the unseeded channel to 

apply chemoattraction and a hydrostatic pressure towards that channel, respectively. At 21 DIV 

of the peripheral neuron differentiation protocol, HuTu-80 were seeded into the opposite channel 

(Figure 25E). Neuron projections could be seen with brightfield microscopy in the middle channel 

and on the side close to the HuTu-80 (Figure 25F). Following 7 DIV of co-culture, the cells were 
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fixed and stained with the neurofilament marker TUJ1 and the pre-synaptic marker SYP1. Certain 

TUJ1+/SYP1+ neuron projections spanned the middle channel and reached the HuTu-80 cells 

(Figure 25G), suggesting they may form synapses. HuTu-80 cells were also TUJ1+ probably due 

to their neuron-like properties of EECs. Hence, peripheral neurons can be co-cultured with HuTu-

80 enteroendocrine cells in microfluidics devices as a model to study PD pathology propagation. 
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Figure 25. Control cell line 1 NPC-derived peripheral neuron characterization and co-culture in 

microfluidics chip with HuTu-80. 

A) Neural crest patterning (PAX3, HOXB3-5, SOX10) and early neuronal fate (ASCL1, EDNRB, PHOX2B) 

gene expression in NPC-derived neural crest-like cells (D10) versus iPSCs. Representative brightfield 

image of neural crest-like cells dissociated at D11 of the differentiation protocol and cultured 1 DIV in 

maturation medium. Scale bar: 20 μm. Mean ± SEM, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, unpaired 

two-tailed t-test of each gene’s Ct in NCLCs vs iPSCs, n=3 independent experiments.  

B) Representative immunofluorescence images of D15 peripheral neurons stained against TUJ1 (red) and 

PRPH (green). DAPI (blue) was used as a nuclear counterstain. Scale bar: 30 μm. 

C) Representative immunofluorescence images of D30 peripheral neurons stained against MAP2 (green), 

TUJ1 (red), and PRPH (green). DAPI (blue) was used as a nuclear counterstain. Scale bar: 20 μm. 

D) Representative immunofluorescence images of D65 peripheral neurons stained against ChAT (green). 

DAPI (blue) was used as a nuclear counterstain. Scale bar: 30 μm. 

E) Schematic of the microfluidics chip seeding. NCLCs were initially seeded into one side channel and 

allowed to grow for 11 DIV (step 1), when the HuTu-80 were then pipetted (steps 2). Cells were kept in co-

culture for 7 DIV. 

F) Representative brightfield image of neurons at D21, 2 hours post-HuTu-80 seeding. Arrows indicate 

visible neuron projections in the middle channel towards the HuTu-80 compartment. 

G) Representative immunofluorescence image of D30 peripheral neurons co-cultured in microfluidics 

together with HuTu-80 in separate channels. The cells were stained against SYP1 (green) and TUJ1 (red). 

Phalloidin (gray) and DAPI (blue) were used as a cytoskeleton and nuclear counterstain. The right section 

is a zoom-in of the white dashed square indicated on the left section. Arrows highlight neuron projections 

in proximity to HuTu-80. Scale bars: 200 μm (overview), 50 μm (zoom-in). 
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6. Discussion 

The primary goal of this project was to identify how the bacterial amyloid CsgA perturbed EEC 

function to drive PD pathogenesis. HuTu-80 were selected as a human EEC cell model due to 

their high expression of α-SYN and they were treated with CsgA monomers (CsgA-WT or CsgA-

R12343) or curli fibers. The first question was to investigate whether CsgA and curli are uptaken 

by EECs. Specifically, CsgA-WT and curli were targeted into the lysosomes of HuTu-80 for 

degradation 48 hours post-treatment. Despite the lysosomal trafficking and alterations in 

lysosomal morphology, there was no effect in the autophagy as assessed by the markers P62 

and LC3B-II/LC3B-I by neither CsgA monomers nor curli. 

The second question was to comprehensively evaluate the EEC response to the bacterial 

amyloids. Following the development of the HuTu-80-TMEM192-3xHA cell line, proteomics was 

performed in whole-cell and lysosome-specific lysates. Surprisingly, only CsgA-WT provoked 

proteome changes in both whole-cell and lysosome-enriched lysates in the HuTu-80, suggesting 

that the aggregation-prone monomers initiate an EEC response. The differences between CsgA-

WT and curli could be attributed to the large size of curli fibers that may limit their uptake into 

cells. Overall, CsgA-WT decreased protein levels of mitochondrial respiratory complexes, 

mitochondrial-related redox components, the proteostasis machinery (chaperones and 

proteasome subunits), and intracellular trafficking elements. These changes were not sufficient to 

cause a significant dysregulation in mitochondrial respiration, superoxide production, or 

proteasome chymotrypsin-like activity, suggesting that CsgA-WT does not provoke a robust 

pathological phenotype in HuTu-80 EECs. Nonetheless, the downregulation of AP2S1, DYNC1I2, 

and LAMP2 in lysosomal fractions of CsgA-WT-treated cells suggested impaired lysosomal 

trafficking. Indeed, CsgA-WT induced a decrease in lysosomal α-SYN levels accompanied by an 

increase of α-SYN release in the extracellular space and EVs, indicating that EECs alter the 

trafficking machinery to transition towards intercellular communication. This was further 

corroborated by elevated RAB27A levels in whole-cell lysates and CD63 levels in EVs from HuTu-

80 exposed to CsgA-WT, though there were no changes in the total number or size of released 

EVs. The concomitant elevation of α-SYN and CD63 in EVs suggested that enteroendocrine cells 

acquired immune modulatory properties in response to the bacterial amyloid CsgA. 

In the same line, the third question was to evaluate the HuTu-80 immune response. CsgA-WT 

promoted upregulation of IL-8 and MIP-1α chemokine release accompanied by increased HLA-

DR surface exposure. To further understand the immune effects of the enteroendocrine cell 

response, HuTu-80 EVs were treated to iPSC-derived macrophages. EVs from untreated cells 
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were inflammatory as evidenced by the elevated release of IL-1β, IL-6, TNFα, IL-10, and IL-23 

cytokines, and IL-8 and MCP-1 chemokines. Instead, EVs from CsgA-WT-treated HuTu-80 

diminished the IL-1β, IL-6, and IL-23 pro-inflammatory cytokine release. To evaluate the longer-

term effect of CsgA-associated EVs, macrophages were allowed to recover prior to a secondary 

LPS stimulus. Even after a 48-hour recovery period, macrophages exposed to EVs from CsgA-

treated HuTu-80 displayed sustained cytokine release. Importantly, these macrophages displayed 

abolished to LPS stimulus, indicating they acquire exhausted-like properties. Overall, these 

finding suggest the possibility of a chronic inflammatory effect of CsgA on macrophages that is 

not dependent on its amyloidogenic capacity. Thus, HuTu-80 acquire an immunomodulatory 

phenotype upon sensing CsgA by chemokine secretion, MHC class II surface exposure, and EV 

release that sustains an activated macrophage state with subsequent exhaustion. 

Immunity and α-SYN trafficking perturbations are linked to PD pathogenesis; hence the fourth 

question of the study was to evaluate α-SYN aggregation in HuTu-80 following CsgA treatment. 

Cells were exposed to CsgA-WT, curli, and biofilm-producing E. coli alone or in combination with 

additional stressors (GCase inhibition, the inflammatory molecules LPS and IFNγ, exogenous a-

SYN monomers or PFF, A. muciniphila secretome, or sodium nitrite), yet no detectable α-SYN 

aggregation was observed. Considering HuTu-80 EVs carried CsgA, increased α-SYN levels, and 

modulated immunity, they were treated to iPSC-derived peripheral neuron/macrophage co-

cultures. CsgA-WT-associated EVs induced a modest increase in ThT fluorescence, suggesting 

that EECs exposed to CsgA transfer cargo to tissue-resident neurons and immune cells to initiate 

α-SYN seeding. 

Finally, we developed an EEC-peripheral neuron microfluidics model that could be used to study 

the crosstalk between these two cell types in the context of intestinal PD. Initially, we differentiated 

hIPSCs into colonic organoids with CHGA+ EECs in 3D and 2D, however they lacked 

endogenous α-SYN expression. Therefore, the HuTu-80 were selected as the EEC model for the 

microfluidics co-culture. Peripheral neurons derived from human stem cells extended SYP1+ 

projections towards EECs, suggesting their synaptic connectivity. While the model requires further 

characterization, it is a promising tool to monitor PD pathology propagation between EECs and 

enteric neurons. 
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6.1 The HuTu-80 response to CsgA and relevance for Parkinson’s 

disease 

6.1.1 CsgA: lysosomes and intracellular trafficking 

To our knowledge, this is the first study to show that bacterial amyloids are uptaken by human 

cells to be actively targeted to the lysosomes. Use of the inhibitors bafA1 or CQ showed 

accumulation of CsgA-WT and curli (but not CsgA-R12343) in the human EEC line HuTu-80, 

confirming lysosomes participate in bacterial amyloid degradation. Combined with the detection 

of CsgA-WT but not CsgA-R12343 in HuTu-80-TMEM192-3xHA lyso-IP fractions, these findings 

suggest the R5 domain of CsgA or the CsgA aggregation state affect its intracellular trafficking 

and processing. Notably, bafA1 and CQ block autophagy by increasing lysosomal pH while 

LysoTracker emits fluorescence only in acidic pH. While use of these inhibitors for less than 8 

hours promoted robust reduction of LysoTracker fluorescent signal [341, 342], a 48-hour 

treatment duration did not affect detection of the LysoTracker signal [343] implying lysosomal pH 

recovery. Accordingly in our experimental setting, the LysoTracker signal was quantifiable at a low 

drug concentration (10 nM and 10 μM for bafA1 and CQ, respectively) and a 48-hour treatment 

duration. However, CsgA-WT itself may affect lysosomal acidity as suggested by the 

downregulation of ATP6V0C, a subunit of the vacuolar ATP-ase (V-ATPase) which is responsible 

for lysosomal acidification, in the lysosomal proteomics dataset. While lysosomal pH 

measurements are necessary (i.e., LysoSensor staining), these findings would be relevant for 

linking CsgA to lysosomal dysfunction implicated in PD [50, 215, 280, 284, 344-346]. Regarding 

lysosomal morphology, CsgA monomers caused a reduction in LysoTracker+ particle number with 

the decrease being significant only for CsgA-R12343. The effect of these changes was not 

sufficient to be detected at the autophagy marker (P62, LC3B) level. On the contrary, curli 

provoked a significant increase in the average LysoTracker+ particle size, suggesting an 

enlargement of lysosomes probably due to the large curli fiber size. Overall, CsgA-WT and curli 

are both trafficked to lysosomes for degradation, suggesting EECs internalized both the amyloid-

prone monomers and mature fibers of CsgA, without affecting autophagy. 

Both CsgA-WT and CsgA-R12343 induced a downregulation of LAMP2 in lysosomal fractions. 

There are three LAMP2 isoforms with each involved in a different component of the autophagic 

machinery: LAMP2A, LAMP2B, and LAMP2C participate in CMA, exosomal membranes, and 

degradation of nucleic acids or B-cell antigen presentation, respectively [214-216, 347-351]. The 

proteomics dataset and antibody used in this study did not distinguish between the three isoforms, 

thus while it is assumed that CMA is impaired, the levels of LAMP2A following CsgA-WT treatment 

should be measured. Following injection of Staphylococcus bacterial amyloid BapB as PFF in the 
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dorsal striatum of mice, Fernandez-Calvet et al [352] observed decreased midbrain LAMP2A 

levels accompanied by increased α-SYN levels and half-life compared to saline-injected mice. 

The effects were less robust in SH-SY5Y cells where BapB PFF treatment increased α-SYN levels 

without affect LAMP2A [352], suggesting that tissue complexity influences the response to the 

bacterial amyloid. In our experimental setting, the HuTu-80 were lysed immediately following 

CsgA treatment, while SH-SY5Y cells remained in culture for 10 DIV following BapB treatment 

[352] which could allow LAMP2 levels to recover. The mechanism leading to LAMP2 

downregulation by CsgA in vitro or BapB in vivo is not known and CsgA does not contain a 

KFERQ-like motif. Thus, CsgA, unlike mutant α-SYN [215], is not expected to bind and block 

LAMP2 function. Instead, CsgA-WT would impact CMA primarily by inducing downregulation of 

LAMP2 and the co-chaperone HSPA8, as observed in the proteomics dataset. Therefore, both 

CsgA-WT and CsgA-R12343 downregulated the CMA-involved protein LAMP2, suggesting the 

bacterial origin of the protein is responsible for the observed effect and implying a predisposition 

to lysosomal dysfunction in EECs. 

CsgA-WT decreased DYNC1I2 levels suggesting an impact in lysosomal trafficking through endo-

lysosome fusion perturbation. Out of the 6 dynein chains detected in the lysosome proteomics 

dataset, DYNC1I2 and DYNC1H1 were downregulated, and the reduction was validated for 

DYNC1I2. Alongside LAMP2 downregulation, these findings could explain the downregulation of 

lysosomal α-SYN following CsgA-WT treatment in HuTu-80. The importance of dynein in α-SYN 

lysosomal trafficking has been studied in PD patient samples and neuron models. For instance, 

SN α-SYN inclusions are associated with declined dynein levels, decreased dynein/α-SYN co-

localization, and impaired endo-lysosomal transport [353-355]. Conversely, silencing dynein 

heavy chains induced an increase in intracellular levels and half-life of α-SYN-A53T in rat PC12 

cells [233]. Instead, boosting DYNLRB1 activation through NAGK overexpression induced α-

SYN-A53T and HTT Q74 aggregate clearance in HEK293T cell models [234, 356]. Thus, dynein 

activity is linked to α-SYN degradation, whereas amyloid accumulation disrupts dynein function. 

In our CsgA-WT- versus PBS-treated proteomics datasets, DYNLRB1 was downregulated in 

whole-cell lysates and NAGK was decreased in both whole-cell and lysosome-enriched lysates, 

suggesting bacterial and human amyloids affect dynein function through similar mechanisms. The 

functions of dynein extend beyond endosomal localization to mitochondrial transport in neurons. 

A-SYN PFFs induced indirect downregulation of dynein which promoted a reduction of 

mitochondrial proteins implicated in anterograde transport (MTRITON X1, MTRITON X2, and 

Miro1) in the striatum of rats [357]. However, EECs have a short neuropod compared to the long 

axons in neurons, implying that dynein downregulation by CsgA-WT may not produce a robust 

mitochondrial transport impairment. Accordingly, there were no visible changes in mitochondrial 
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morphology, network, or cytosolic localization as visualized by MitoTracker live-cell imaging in 

HuTu-80 treated with CsgA-WT or curli. Thus, the CsgA-WT-mediated DYNC1I2 downregulation 

further corroborates lysosomal trafficking is impaired with subsequent decline in lysosomal α-SYN 

levels, suggesting EEC intracellular trafficking machinery perturbations in response to the the 

bacterial protein. 

Overall, while both CsgA-WT and curli are trafficked to lysosomes for degradation, only CsgA-WT 

induced changes in lysosomal α-SYN and associated trafficking protein levels, suggesting the 

aggregate-prone monomers induce a robust EEC trafficking response. 

 

6.1.2 Gut bacterial products and α-SYN aggregation 

6.1.2.1 The bacterial-human amyloid cross-seeding: CsgA and α-SYN 

Despite the downregulation in lysosomal α-SYN by CsgA-WT, whole-cell α-SYN levels remained 

unchanged. CsgA cross-seeds with α-SYN in vitro and accelerates α-SYN aggregation and S129 

phosphorylation in animal models of PD [121-125, 358], yet there was no detectable aggregation 

in any of the experimental conditions tested in HuTu-80. In literature, PD animal models were 

either overexpressing human SNCA [121-124] or expressing human LRRK2-R1628P [125], two 

genotypes which promoted baseline α-SYN pathology. These studies provided a link between 

CsgA amyloids and PD progression in vivo, yet without describing an underlying pathological 

mechanism. To study CsgA/α-SYN cross-seeding in a simplified human model, the HuTu-80 EEC 

line endogenously expressing α-SYN was chosen. Nevertheless, our cell model lacked tissue 

complexity or PD-linked genetic manipulations, and included short experimental duration and 

exposure to E. coli compared to the animal models. These differences could partly explain the 

absence of endogenous α-SYN aggregation following CsgA treatment or biofilm-forming E. coli 

co-culture. 

Few studies have investigated the effect of bacterial amyloids on α-SYN expression and 

aggregation in cell models. In neurons differentiated from SH-SY5Y cells, 16 μg/mL of CsgA did 

not alter SNCA and α-SYN levels [359], while the formation of α-SYN aggregates of α-SYN 

phosphorylation were not evaluated. The PFF of two different bacterial amyloids, BapB (from S. 

aureus) and EspN (from Enterococcus faecalis), promoted α-SYN aggregation and S129 

phosphorylation in SH-SY5Y-derived neurons overexpressing human α-SYN with an HA tag, while 

the respective monomers had no effect on α-SYN levels [352]. Particularly, BapB PFF co-localized 

with α-SYN in puncta, suggesting their cross-seeding [352]. From a technical perspective, the 

bacterial amyloid treatment concentration was 20 μg/mL for 48 hours and cells were kept in culture 
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for an additional 10 days, replenishing the medium 2 days post-treatment. The CsgA 

concentration and treatment duration were similar in our study, thus the differences between our 

observations could be attributed to the HuTu-80 cell culture model that does not overexpress α-

SYN. To overcome this, HuTu-80 were co-treated with CsgA and exogenous human α-SYN 

monomers every other day, yet no changes in soluble or insoluble α-SYN were detected. HuTu-

80 is a highly replicating cell line, compared to differentiated SH-SY5Y neurons that do not 

proliferate. This could limit and dilute the strength of the effect of CsgA-WT cross-seeding with α-

SYN in HuTu-80. Immunostaining of HuTu-80 treated with CsgA-WT together with α-SYN 

monomers showed α-SYN puncta formation in a subset of cells. These puncta indicate α-SYN 

accumulation and possibly early states of α-SYN aggregation, yet they were only visible in few 

EECs which could explain the lack of visible α-SYN aggregation by WB. A feasible alternative for 

measuring cross-seeding would be to generate an α-SYN-GFP HuTu-80 line and perform 

screening treatments with CsgA monomers or PFF, or E. coli alone or together with a second hit 

(i.e, α-SYN monomers, IFNγ, or CBE). A-SYN-GFP forms condensates under amyloid-inducing 

conditions which are readily visualized by fluorescent microscopy [89, 360]. The appearance of 

condensates is indicative of an early aggregation state, and their quantification permits 

comparison of the amyloid burden between conditions. In the human intestine, EECs are born 

from intestinal stem cells, and their estimated turnover ranges from 10 days to several months 

with EECs connected to neurons belonging to the longer lifespan range in the mouse colon [158, 

361-363]. Therefore, a non-proliferative EEC line or intestinal organoids would be more 

appropriate to study intestinal amyloid cross-seeding. 

Overall, the relevance of combinatory or two-hit treatments relied on the fact that PD is a complex 

disease with various genetic and environmental factors. Cells resist external stressors to maintain 

homeostasis, unless multiple hits strike simultaneously and/or for prolonged duration. This was 

signified in vitro using human amyloids (α-SYN PFF) and the pro-inflammatory cytokine IFNγ, the 

combination of which evoked LB-like pathology in human neuron cultures [50]. The experimental 

approach was replicated in our study but using the bacterial amyloid CsgA and decreased IFNγ 

levels (0.2 μg/mL instead of 200 μg/mL) to compensate for the repeated cytokine treatments 

mimicking a chronic low-dose scenario in the human intestine. Biofilm-forming E. coli and IFNγ 

had no significant effect on α-SYN levels or aggregation in HuTu-80. Overall, enteroendocrine 

cells do not develop detectable α-SYN aggregation upon CsgA or curli treatment, or biofilm-

forming E. coli co-culture even under the presence of a secondary stimulus. 

Interestingly, HuTu-80 responded to CsgA-WT by altering their proteome and initiated 

communication signals through EVs. Considering EVs carried CsgA and elevated α-SYN levels, 
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and exosomes are involved in α-SYN pathology propagation [281-283, 286-288], we evaluated 

the seeding capacity of EEC-derived EVs in tissue-resident cells. Enteric neurons and 

macrophages have been both implicated in early stages of PD pathogenesis [21, 52, 162, 339] 

and the underlying mechanisms are being uncovered. Intestinal macrophages uptake α-SYN 

aggregates, present α-SYN seeding capacity, and mount a T-cell immune response that induces 

dopaminergic neuron loss and motor impairments in mice [54]. Thus, we developed and 

characterized a human iPSC-derived peripheral neuron/macrophage co-culture model that we co-

treated with HuTu-80 EVs and α-SYN monomers to increase intracellular α-SYN load. Particularly, 

EVs from CsgA-treated HuTu-80 instead of CsgA were used as an early PD model where 

intestinal barrier permeability should not be present, though we are aware that IBD patients with 

compromised gut barrier may develop PD [55, 56]. Importantly, CsgA-WT-associated EVs 

induced a modest increase in ThT fluorescence, indicating the presence of α-SYN seeds in both 

peripheral neurons and macrophages. Notably, exosomes from E. coli promoted pS129-α-SYN 

phosphorylation and autophagic impairment in the colon of LRRK2-R1628P mice while exosomes 

from E. coli ΔcsgBAC did not [125], suggesting that exosomal transport of bacterial amyloids may 

induce α-SYN pathology. It would be interesting to identify whether the α-SYN seeds are present 

already within our HuTu-80 EVs or whether they manifest within the neurons and macrophages. 

While the reported pathology should be validated in detail, it provides a novel axis of α-SYN 

aggregation between the amyloidogenic CsgA and enteric neurons and macrophages with EECs 

acting as intermediaries through EV cargo transfer. 

6.1.2.2 Other bacterial metabolites that promote α-SYN aggregation: A. muciniphila secretome 

and nitric oxide 

Other bacterial metabolites and products have been reported to induce cellular dysfunction and 

α-SYN aggregation in mouse STC-1 EECs. The secretome from A. muciniphila cultivated in 

mucin-free medium triggered inositol triphosphate receptor-mediated Ca2+ release from the 

endosplamic reticulum that, in succession, induced mitochondrial ROS production followed by α-

SYN upregulation, phosphorylation at serine 129, and aggregation [89]. Additionally, A. 

muciniphila culture in mucin-free medium induced α-SYN inclusions in CCK+ mouse EECs in 

mice as assessed by immunofluorescent staining, though the mechanism proposed in the STC-

1 model was not validated in vivo. The effects described on α-SYN were rapid as they occurred 

only within 48 hours post-secretome addition. In our study, there was no increase in detergent-

soluble α-SYN levels in HuTu-80 exposed to Α. muciniphila secretome alone or together with 

CsgA for 48 hours or 10 DIV. Notably, the 10% secretome dose was reduced to 5% for HuTu-80 

to minimize cell death, suggesting HuTu-80 are more sensitive or respond differently to Α. 

muciniphila conditioned medium than STC-1 cells. It would be interesting to test whether A. 
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muciniphila secretome alters Ca2+ buffering [89] in HuTu-80 or in human intestinal organoids to 

validate the findings in a different EEC model and further understand A. muciniphila’s 

controversial role in promoting or hindering PD progression. Notably, the mucin-free experimental 

approach resembles an inflamed intestinal state, such as in the case of IBD where mucin 

production or structure is compromised [364], and secretome from mucin-cultured A. muciniphila 

should be included as a control. 

The Enterobacteriaceae-derived metabolite nitrate (NO3
-) is metabolized to nitrite (NO2

-). A 

preprint reported that sodium nitrite elicited α-SYN accumulation in STC-1 cells within 24 hours, 

which was prevented by benserazide, a dopamine synthesis inhibitor [336]. A disrupted cell redox 

balance causes oxidation of dopamine intermediates that facilitate α-SYN aggregation via post-

translational modifications [365, 366]. Reactive nitrogen species are also involved in α-SYN 

aggregation via tyrosine nitration or methionine oxidation [367, 368]. Sodium nitrite at 50 μM  

concentration elicited elevated mitochondrial superoxide production and reduced cell viability in 

STC-1 cells [336]. In the HuTu-80 experimental setup, biofilm-forming E. coli together with sodium 

nitrite did not provoke α-SYN aggregation. Knowing that curli can slightly elevate HuTu-80 

mitochondrial superoxide levels, including sodium nitrite exposure may provide sufficient redox 

stress to initiate α-SYN pathology, though this hypothesis remains to be evaluated. 

 

6.1.3 CsgA-mediated EEC immune response and macrophage activation 

6.1.3.1 The immune response of enteroendocrine cells 

The downregulation of lysosomal α-SYN levels was accompanied by an elevation in both 

supernatant and EV α-SYN levels. Notably, the degree of EV α-SYN increase by CsgA-WT (from 

1.5 to 2.0 ng/mL) does not explain the increased supernatant α-SYN levels (20 to 38 ng/mL), 

indicating that most secreted α-SYN is not associated with EVs. A-SYN is both a chemoattractant 

and an activator of innate and adaptive immunity [13, 64-66] and could reflect a physiological 

response upon exposure to the bacterial protein. Indeed, the bacterial molecules LPS, 

Pam3CSK4, and sodium butyrate all induced an upregulation of SNCA and α-SYN in STC-1 cells 

[68], and α-SYN is upregulated following viral or bacterial exposure [13, 64-66]. One mechanism 

by which α-SYN was trafficked to HuTu-80 EVs for release could be the CsgA-WT-induced 

upregulation of RAB27A, a protein that promotes vesicle binding to the cell membrane prior their 

release [329]. Surprisingly, EV number, size, and marker ALIX and FLOT1 levels were unchanged 

between treatment conditions in both HuTu-80 whole-cel lysates and EV preparations. The 

exception was CD63, which was significantly upregulated in EV fractions from CsgA-WT-treated 

HuTu-80. CD63 is a member of the tetraspanin protein family that participates in exosome 
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formation, cargo sorting, and intensifies immune signal transduction [264, 268]. The tetraspanins 

CD9 and CD81 were also augmented in the whole-cell proteomics dataset by CsgA-WT, though 

their levels in HuTu-80 EVs were not measured. Considering IEC-derived exosomes partially 

modulate immunity via tetraspanins [265], the upregulation of both CD63 and α-SYN in EVs by 

the amyloidogenic CsgA may present a means of EEC-immune cell communication. 

Concomitantly with the upregulation of α-SYN and CD63 in EVs, “antigen presentation” was 

upregulated in whole-cell lysates of treated HuTu-80. Combined with the known immune-

regulatory properties of EECs [149, 154-157] and literature showing CsgA drives inflammatory 

response in macrophages [126-129], we measured antigen presentation markers and chemokine 

release in HuTu-80. CsgA-WT promoted an inflammatory HuTu-80 response by inducing HLA-

DR surface expression, and IL-8 and MIP-1α chemokine secretion. HLA-DR is an MHC class II 

antigen presentation molecule that is loaded with cleaved peptides in intracellular antigen 

presentation compartments prior to surface exposure [369, 370]. Canonical presentation occurs 

by professional antigen presenting cells (APCs), namely dendritic cells macrophages, and B-cells 

[371], which expose foreign peptides to initiate T-cell-mediated immune responses. Due to the 

luminal exposure of IECs, they function as direct sensors of environmental changes (i.e., bacterial 

infections) and act as non-canonical APCs [372, 373]. Since they lack co-receptor molecules, 

IECs cannot always elicit T-cell activation [266, 374, 375] and, rather, facilitate professional APC 

activation to regulate adaptive immunity. The importance of EECs in antigen presentation has not 

yet been established, though the reported immunoregulatory roles and luminal exposure suggest 

EECs participate in this pathway. Indeed, concomitant to HLA-DR upregulation, whole-cell 

proteomics analysis revealed a substantial upregulation of MHC class I molecules (HLA-A, HLA-

B, HLA-C, HLA-E, and HLA-H), further implying an EEC immunogenic response to the bacterial 

amyloid. It should be further evaluated whether CsgA peptides are actively loaded onto antigen 

presentation molecules on the cell surface by immunopeptidomics. With this experimental 

approach, the pathogenic presentation of α-SYN peptides [376], is also measurable. In line with 

antigen presentation marker upregulation, the levels of secreted IL-8, MIP-1α, and α-SYN 

increased post-CsgA-WT treatment. IL-8 regulates neutrophil, basophil, eosinophil, and T-cell 

attraction and activation, and is elevated in IBD [377-379]. MIP-1α, also known as CCL3, attracts 

various immune cell types, and correlates with immune cell infiltration in ulcerative colitis [380, 

381]. While these are important chemokines during inflammation, their chronic elevation is 

associated with inflammatory bowel diseases linked to PD. In summary, HuTu-80 acquire 

immunoregulatory properties by upregulating chemokine secretion, antigen presentation markers, 

and extracellular vesicle release upon amyloidogenic CsgA exposure, suggesting they act as 

immune sensors of the bacterial amyloid. 
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6.1.3.2 The immune response of macrophages exposed to enteroendocrine cell extracellular 

vesicles 

To evaluate the hypothesis of immunity modulation by EECs treated with CsgA, macrophages 

were exposed to HuTu-80-derived EVs. Macrophages were chosen due to their involvement in 

early enteric α-SYN pathology manifestation and T-cell activation [54]. Control EVs (from PBS-

treated HuTu-80) promoted macrophage pro-inflammatory (IL-1β, IL-6, TNFα, IL-10, IL-23) and 

anti-inflammatory (IL-10) cytokine release, as well as chemokine (IL-8, MCP-1) secretion, 

suggesting a complex immune response to HuTu-80 EVs. Indeed, macrophages can be both 

activated and suppressed by tumour cell-derived EVs due to their recognition as hostile, while 

cancer cells suppress immunity to improve their survival [382]. Strikingly, EVs from CsgA-WT-

treated HuTu-80 significantly downregulated the pro-inflammatory cytokine levels IL-1β, IL-6, and 

IL-23. A similar trend was observed with CsgA-R12343, although not significant, suggesting that 

the amyloidogenic capacity of CsgA is not the primary inducer for the observed effects. IL-1β is a 

strong pro-inflammatory molecule that activates lymphocytes, facilitates immune cell migration, 

and induces the expression of other cytokines [383] and is implicated in PD [384]. Similarly, IL-6 

is a multifactorial cytokine involved in adaptive immune cell activation and proliferation, and the 

acute-phase response [49, 385]. Finally, IL-23 promotes Th17 cell expansion which defend 

against infections but are also involved in auto-immune diseases [386]. As a bacterial amyloid 

produced by commensal gut microbiota, CsgA can attenuate immune activation under 

inflammatory conditions as mentioned in the introduction [133-135, 387]. While CsgA, 

independent of its amyloidogenic capacity, induced diminished inflammatory cytokine release 

through EEC-derived EVs, the concentration of the released cytokines remained relatively high 

compared to untreated macrophages. 

To further dissect the immune effect of CsgA-associated EVs on macrophages, we designed an 

experiment where the EVs were removed from the macrophage supernatant and the cells were 

allowed 48 hours to rest. Notably, macrophages treated with CsgA-associated HuTu-80 EVs 

sustained IL-1β, IL-6, and IL-10 release even after removal of the EVs suggesting an activated 

immune state, while macrophages exposed to control EVs displayed significantly reduced 

cytokine levels. Following a subsequent LPS stimulation, macrophages previously exposed to 

control HuTu-80 EVs mounted IL-1β, IL-6, TNFα, and IL-10 release, indicating their immune 

activation capacity to a secondary stimulus. However, the LPS-induced effect on cytokine 

secretion was abolished on macrophages previously exposed to CsgA-associated HuTu-80 EVs, 

resembling an immunosuppressed or chronically-activated state. Indeed, chronically-stimulated 

macrophages exhibit diminished levels of pro-inflammatory cytokines and augmented levels of 

anti-inflammatory cytokines [78, 388-391]. Combined with the cytokine release measurements at 
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48 hours, CsgA, irrespective of its amyloid state, acts a persistent inflammatory trigger in 

macrophages through EEC-associated EVs. 

The term of exhausted macrophages has been recently introduced, and these cells differ to 

tolerized macrophages. While tolerized macrophages show increased bacterial phagocytosis, 

exhausted macrophages display declined phagocytic capacity [78, 388-390]. Using multiple LPS-

hit models, the exhaustion phenotype is accompanied by reduced cytokine release, CD38 marker 

expression, TRAM(a TLR4 adaptor)-mediated STAT1 pathway activation and declined NF-κB 

activity, impaired mitochondrial metabolism, and increased ROS levels [78, 81]. Regarding 

neurodegenerative diseases, exhausted macrophages or their mechanisms have not yet been 

described. However, ongoing studies have been funded to evaluate overall peripheral immunity 

exhaustion in PD (Parkinson’s Foundation [392], Michael J Fox [393]). An overall chronic 

activation of the immune system combined with reduced phagocytosis, altered cytokine release 

and inflammasome activation have been reported in PD [76, 394, 395]. In AD, amyloid pathology 

and cognitive decline are associated with declined TNFα, IFNg, IL-2, and granzyme B levels in T-

cells [75]. Similarly, a 6-month exposure to curli-producing E. coli decreased the numbers of 

dendritic cells, activated T-helper cells and T-cytotoxic cells in the SOD1-G93A ALS mouse model 

[131], indicating that the bacterial amyloid dampens T-cell activation. Importantly, intestinal 

permeability was unaffected in this model [131], suggesting commensal E. coli affects the immune 

system through intestinal cell signalling. Due to the involvement of persistent immune stimulation 

and exhaustion as a driver of neurodegenerative diseases, further studies are required to 

understand the underlying pathological mechanisms. Relevant experiments to evaluate the 

macrophage phenotype and underlying mechanisms following EEC EV exposure are described 

in the “Outlook” section. Thus, EECs respond to amyloidogenic CsgA by mounting an immune 

response characterized by chemokine secretion and HLA-DR surface expression, while EEC-

derived EVs promote a sustained macrophage activation state associated with immune 

exhaustion properties independent of CsgA amyloid status. 

6.1.3.3 The mechanistic pathway driving the immune response to CsgA 

Another important question raised is how EECs primed their inflammatory response against 

CsgA. While EECs express functional TLRs [154], HuTu-80 did not express TLR2 by Western blot 

or proteomics. The proteomics analysis did not detect either TLR1 or TLR9, which also participate 

in curli-induced macrophage responses [127, 129], implying that other CsgA receptors are 

involved. Curli bound to fibronectin at the RGD motif facilitated E. coli internalization in T24 and 

HeLa cells [142]. Fibronectin and RGD-binding integrins [396] (beta-1, beta-2, beta-5, and alpha-

V) were elevated by CsgA-WT in whole-cell HuTu-80 lysates, suggesting a potential CsgA-

https://proposalcentral.com/Insights/E_EFyKQdtyY%3D/Public/AwardDetails/1263938
https://www.michaeljfox.org/grant/investigating-role-immune-cell-exhaustion-ice-and-biological-immune-aging-bia-pd-risk-and-pd
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specific uptake and cellular response mechanism. Generally, integrins interact with the actin 

cytoskeleton [397, 398]. Staphylococcus aureus uses fibronectin binding proteins to initiate 

fibronectin/integrin-mediated actin cytoskeleton reorganization through the FAK-Src pathway 

leading to its internalization by host cells [399]. Accordingly, actin cytoskeleton was a significantly 

dysregulated GO term by CsgA-WT and could present a potential internalization pathway. 

Additionally, fibronectin-integrin signalling activates the NF-κB pathway [400, 401], a fundamental 

transcription factor guiding immune responses including cytokine expression [402] and implicated 

in CsgA-evoked immunity [129]. Another mechanism of curli-induced inflammatory responses is 

through the unfolded protein response (UPR). Chemical inhibition of the UPR sensor IRE1α 

prevented IL-6 upregulation in the curli-exposed HLA-B27 mouse model of reactive arthritis [403]. 

Within the cell, curli co-localized with the UPR regulator glucose regulatory protein 78 (GRP78) 

[403], an upstream IRE1a element initiating the proteostatic response [404]. Both the genetic hit 

and curli were required to alter GRP78 levels [403]. Accordingly, GRP78 was only slightly elevated 

by CsgA-WT (log2FC = 0.32) in the whole-cell HuTu-80 proteomics dataset, while curli did not 

alter GRP78 levels. Thus, CsgA alone is not sufficient to induce a robust proteostatic stress 

phenotype that would explain the reported immune responses. Overall, fibronectin together with 

integrins and the downstream NF-κB signalling may be cellular mechanisms driving CsgA uptake 

and EEC immune responses. 

 

6.1.4 Mitochondrial changes by CsgA in EECs 

The proteomics facility analyzed the lysosome-enriched dataset revealed altered mitochondrial 

pathways. Indeed, lyso-IP protocols are limited by contamination with mitochondrial proteins 

[315]. Using WB for validation, CsgA-WT significantly decreased the levels of NDUFV1 and COX2 

subunits of complexes I and IV, respectively, in HuTu-80 whole-cell lysates, without significantly 

affecting mitochondrial respiration. Interestingly, the whole-cell proteomics dataset did not reveal 

changes in mitochondrial complex subunit levels, while the unfiltered lysosomal dataset displayed 

an upregulation in various complex I and IV subunits. These discrepancies could be caused by 

an increased lysosome-mitochondrial contact that occurs during mitophagy or an adapted 

metabolic response [405]. Various mitochondrial-related metabolic pathways appeared as 

dysregulated GO terms by CsgA-WT, including glycolysis, alanine, aspartate, and glutamate 

metabolism. Similarly, fatty acid β-oxidation and branched-chain amino acid (leucine, isoleucine, 

and valine) catabolism were two downregulated metabolic processes reported by transcriptomics 

analysis of α-SYN-A53T-expressing C. elegans fed with curli-producing E. coli compared to 

worms fed with E. coli CsgA-KO [123]. While the metabolic processes affected were different to 
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our study, the combined findings suggest CsgA impacts overall mitochondrial-associated 

metabolic function. In line with the HuTu-80 seahorse assay, WT C. elegans fed with curli 

producing-E. coli did not show changes in mitochondrial respiration. Instead, α-SYN-A53T C. 

elegans showed downregulation of mitochondrial respiration parameters that were further 

aggravated by curli producing-E. coli  [123], indicating that curli alone is not sufficient to disrupt 

mitochondrial oxidative phosphorylation. Thus, the amyloid forms of CsgA impact the levels of 

mitochondrial subunit levels without impacting mitochondrial respiration, yet EECs may respond 

to CsgA through metabolic changes. 

Other than mitochondrial subunits, SOD1 was decreased by CsgA-WT, but this was not 

accompanied by increased mitochondrial superoxide levels. Rather, curli were sufficient to induce 

a significant elevation in superoxide without affecting SOD1 expression. This rise could reflect a 

physiological response to the bacterial protein, as ROS are part of the host responses to 

pathogens and are involved in immune signalling [406, 407]. On the other hand, PARK7 was not 

significantly reduced despite its stark downregulation by CsgA-WT which is possibly explained by 

the data variability for the curli condition. The absence of an obvious change in mitochondrial area 

and, particularly, the lack of bacterial amyloid localization in mitochondria suggests CsgA and curli 

act in an indirect manner. This is contrast to α-SYN that can affect both as monomers or 

aggregates mitochondrial function by altering complex function and protein import [408-410]. 

Hence, bacterial amyloids appear to exert their effect on mitochondria in a manner different to 

human amyloids and/or EECs respond to bacterial amyloids by altering mitochondria-related 

protein expression. 

Mitochondria in EECs are important for proper nutrient sensing and hormone release [192, 195], 

thus impacting EEC mitochondrial function could lead to gastrointestinal imbalance. Overall, the 

results of this project show that amyloidogenic CsgA predisposes to mitochondrial impairments 

by downregulating crucial mitochondrial proteins involved in respiration and ROS balance, that 

may necessitate a second trigger (i.e., genetics, toxins) to manifest observable mitochondrial 

dysfunction. Damaged mitochondrial can be a trigger of α-SYN aggregation via oxidation or 

nitration [367, 368, 411], and affected EECs may miscommunicate signals with neurons that could 

cause the intestinal symptoms observed in PD patients. Overall, amyloidogenic CsgA negatively 

impacts mitochondrial protein expression yet alone are not sufficient to perturb mitochondrial 

function in EECs. 
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6.1.5 Bacterial amyloids in the human intestine 

Gut commensal bacteria are necessary for proper development and maintenance of intestinal 

homeostasis. Their exposure to host cells promotes immune tolerance at early life stages, and 

their presence contributes to nutrition and restriction of opportunistic pathogen growth [412, 413]. 

As in nature, bacteria are present either as planktonic or as a biofilm in the human intestine. The 

bacterial biofilm can be directly attached to the mucus surface, on mucin aggregates, or food 

particles in the lumen [139, 414-416]. The density of biofilm increases from proximal to distal gut, 

hence the colon has the highest biofilm concentration [136]. While the prevalence of biofilms is 

estimated around 10% in healthy individuals, it increases to 57% in IBS [136]. The non-healthy 

and invasive growth of biofilms in IBD, IBS, and gut cancers is associated with pathogen 

expansion, reduced bacterial diversity, impaired barrier function, and immune system activation 

which contribute to disease progression [136, 137, 417, 418]. Species-wise, adherent-invasive E. 

coli are overrepresented in biofilms of IBS and ulcerative colitis patients compared to healthy 

individuals [136, 419]. CsgA is produced by multiple members of the Enterobacteriaceae family 

and together with bacterial amyloids from other species (i.e., Pseudomonas aeruginosa, 

Enterococcus faecalis, Lactobacillus johnsonii, and Enterococcus faecium), their gene expression 

is enriched in intestinal tissue of PD patients versus non-affected controls [31, 352, 420, 421] 

further suggesting bacterial amyloids are involved in disease pathogenesis. Particularly, the 

Pseudomonas bacterial amyloid FapC accelerated α-SYN aggregation at high concentration (42 

μM) [422]. The persistence of mucus invasive biofilm can contribute to chronic inflammation, direct 

exposure, and uptake of bacterial amyloids to intestinal cells. An alternative route of bacterial 

amyloid transfer to host cells has been reported via the carriage of CsgA within bacteria-derived 

exosomes [125]. Intestinal bacterial amyloid exposure under genetic predisposition (i.e., GBA1 or 

LRRK2 variants involved in sporadic PD) or infection-associated inflammation may act as body-

first PD trigger in EECs. Alternatively, the intestinal inflammation and “leaky gut” often reported in 

PD individuals [423-426] implies bacterial amyloid exposure can accelerate disease progression 

in humans, as reported in PD animal models colonized with E. coli [121-125]. Despite the 

increasing relevance of biofilms and the gut-brain axis in PD, biofilm staining in PD tissue material 

is rare. Investigation of gut tissue biopsies from PD patients at different disease stages and versus 

non-affected individuals will allow for quantification and tissue localization of biofilm components 

during disease progression. Development and commercialization of antibodies against the known 

bacterial amyloids will permit evaluation of protein levels in patient tissue and intestinal cells. 

Finally, biofilms could be evaluated as a potential biomarker for PD or other gut dysbiosis-related 

diseases. Overall, the field of biofilm in humans is continuing to evolve and is expanding our 

knowledge in the importance of bacteria in host health and disease. 
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6.2 Human intestinal organoids and microfluidics co-culture systems 

In vitro models are continuously being developed to improve the complexity and translatability of 

research findings. Human IPSCs are bankable and can be directed to differentiate towards cell 

types or tissue-like structures of interest, with the advantage of genetic modifications or 

personalized sampling. Microfluidics systems combine biology and physics to achieve a structure 

of interest and cell type or tissue-like separation compatible with high resolution imaging. In this 

section, the relevance of the models to the scope of the project will be discussed alongside 

possible ways to improve the model systems for answering relevant biological questions. 

The protocol to derive intestinal organoids differentiated from hIPSCs towards the colon fate 

included CHGA+ EECs [300] and was previously established in the lab. The CHGA+ cells co-

expressed 5-HT+ suggesting they are capable of neurotransmitter release and represent 

enterochromaffin-like cells. Despite the lack of robust α-SYN expression, the current colonic 

organoid model represents a potential tool for studying epithelial layer-mediated immune 

responses. However, the low number of EECs accompanied by the goal to establish an EEC-

enteric neuron co-culture necessitate an organoid model with readily detectable α-SYN 

expression. In the mammalian intestine, enterochromaffin cells are more evenly distributed 

compared to other EECs with a slightly increased abundance in the colon [427, 428]. Furthermore, 

proteinatlas.org shows increased expression of α-SYN in the colon than in the small intestine, 

implying that differentiation towards a more proximal part of the gut would not prove beneficial in 

terms of proper EEC development. Interestingly, a preprint described the expression of α-SYN in 

CHGA+ cells in hiPSC-derived intestinal organoids [429]. The protocol included certain changes 

in growth factor timing and types, with the most important being the lack of Wnt signalling 

activation (CHIR99021) at the first day and the inclusion of the Wnt signalling enhancer R-spondin 

in the final medium composition [429]. Thus, proper timing and intensity of Wnt signalling may be 

important from patterning towards intestinal stem cells and downstream EEC development at 

least in terms of α-SYN expression in hIPSC-derived intestinal organoids. It is not known whether 

α-SYN expression is altered throughout EEC development, but perhaps a functional synaptic 

connection with enteric neurons is necessary considering neuronal α-SYN participates in 

presynaptic vesicle maintenance and release [11, 12] and neuron development [430]. Finally, 

human primary colonic organoids provide an alternative of mature intestinal tissue where EECs 

may express α-SYN to study triggers of endogenous seeding, though in this case it would be 

difficult to acquire and maintain an equal number of biopsies with enteric neurons. Irrespective of 

the protocol, the proposed approach to study EEC involvement in α-SYN aggregation using 

intestinal organoids would be to dissociate and seed them in 2D in transwells. This setup allows 
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for minimizing organoid variability due to their different size and invagination degree and provides 

access to both apical and luminal side of the cells. As an example, bacterial amyloids are treated 

on the apical side, and chemokine and α-SYN release are measured in the basal side. Thus, the 

current colonic organoid model requires further development for studying the effect of bacterial 

amyloids and EEC involvement in PD. 

The field of microfluidics chips in biology has evolved to accommodate the need to separate cell 

types and media in compartments, to guide specific tissue anatomy, or to include constant 

medium flow [431]. We wanted to establish a microfluidics cell culture models which permits 

enteric neuron-EEC separation to study pathology propagation compatible with high resolution 

microscopy of isolated neuronal projections. Human iPSC-derived peripheral neuron precursors 

were generated and characterized prior to their seeding in microfluidics. The protocol employed 

here [301] produced vagal neural crest-like cells which were not expressing SOX10. Since SOX10 

is a crucial developmental transcription factor regulating the early stages of neural crest survival 

and identity as well as enteric neuron gene expression (i.e., PHOX2B and EDNRB) [432], this 

restricts the usability of the protocol for enteric neuron differentiation. While iPSC-derived enteric 

neuron protocols have been published [433-435], their batch-to-batch reproducibility and neuronal 

representation were limited and, thus, were not further established for use in microfluidics systems 

in the scope and timeline of this project. The neural crest-like cells were seeded on one channel 

and were allowed to grow neuronal projections towards the unseeded channel by a combination 

of mechanical (increased media volume and pressure in the seeded channel) and chemical 

(doubled BDNF and GDNF concentration in the unseeded channel) manipulations. By adding 

HuTu-80 EECs in the second side channel and allowing the cells to grow, we observed certain 

SYP1+/TUJ1+ projections reached the HuTu-80 cells. Notably, HuTu-80 were also labelled by 

TUJ1, suggesting the neuron-like identity of EECs. Thus far, TUBB3 (the gene of TUJ1) 

expression has only been described in colon EECs (proteinatlas.org). The current microfluidics 

model requires further neuron/EEC characterization by evaluating synaptic connection between 

the two cell types. This could be achieved by potassium chloride-evoked calcium signal 

measurements and electrophysiological recordings from one channel to the other (EECs to 

neurons and vice versa) using commercial microfluidics chips with electrodes placed at the bottom 

of the three channels. In the described setup, EECs were seeded without enterocytes, hence 

there was no tight barrier formation. Thus, bacterial amyloid treatment to HuTu-80 must be 

performed outside the microfluidics followed by cell seeding in the chip to study EEC-derived 

neuron perturbations. The use and pathological relevance of the established microfluidics system 

is focused on EEC-to-enteric neuron pathology propagation and characterization. Indeed, EVs 

from CsgA-WT-treated HuTu-80 induced modest α-SYN seeding activity, yet the pathology and 

https://www.proteinatlas.org/ENSG00000258947-TUBB3/single+cell/colon#tissue_cell_type
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associated neuronal perturbations require further evaluation. While the model requires further 

development, the incorporation of macrophages in the neuron compartment or Caco-2 cells in 

HuTu-80 channel, would enable cellular crosstalk and simultaneous study of the immune 

response and epithelial barrier integrity in CsgA-exposed cultures. Relevant and feasible 

experiments to investigate bacterial amyloid-induced EEC-neuronal dysfunction are described in 

the “Outlook” section. 

 

6.3 Limitations of the study 

HuTu-80 was selected as the enteroendocrine cell model, since it produced higher levels of α-

SYN compared to the other human EEC lines tested (HT-29, and Colo-320DM). Despite the 

published differentiations protocols to enrich for EECs in human iPSC-derived intestinal organoid 

models [320, 321], the aim of the study was to dissect EEC-specific mechanisms upon CsgA 

exposure that are related to PD. Indeed, HuTu-80 is an easily expandable and screenable cell 

line model permitting the mechanistic dissection of intracellular processes and intercellular 

communication pathways, which we used to identify bacterial amyloid lysosomal trafficking and 

EV-mediated immune signalling. Indeed, a major finding of our study was the identification of 

CsgA-mediated immune exhaustion through EEC EVs. These results obtained from HuTu-80 are 

novel, yet they are derived from a cancer cell line which impacts the macrophage immune 

responses and overall weakens the translatability of our findings. Additionally, tissue complexity 

is absent removing the effect of other intestinal cell types or a microbiota community (and the 

associated biofilm) on EECs and immune cells which are relevant for the human intestine. 

Therefore, we decided to establish human stem cell-derived models (macrophages, peripheral 

neurons, intestinal organoids) that would be necessary to strengthen the impact of our study. 

While these models require further development prior to mechanistic validation, hIPSC or primary 

intestinal organoids present a more physiological system to investigate the translational relevance 

of the HuTu-80 results to human individuals. Overall, HuTu-80 permitted the discovery of 

molecular processes, while complex co-culture and organoid models are needed to validate these 

pathways for understanding and treating intestinal PD pathogenesis. 

 

 



120 
 

6.4 Conclusion 

The aim of the study was to evaluate how CsgA or curli mechanistically affect EECs to predispose 

to PD. CsgA-WT and curli, being non-host proteins, were trafficked to the EEC lysosomes for 

degradation. The aggregate-prone form of CsgA induced proteome changes, implying that the 

bacterial amyloid function of the protein is primarily responsible for the EEC responses, yet CsgA-

WT alone did not suffice to induce robust EEC dysfunction (mitochondrial respiration, autophagy, 

proteasome activity). Rather than inducing α-SYN aggregation in EECs, CsgA-WT altered α-SYN 

trafficking from lysosomes towards extracellular release into the medium and within EVs. The 

secretion of α-SYN was accompanied by elevated HLA-DR surface expression and IL-8 and MIP-

1α release, suggesting that EECs recognize CsgA as an inflammatory trigger. EVs from HuTu-80 

treated with CsgA-WT or CsgA-R12343 carried the bacterial amyloid and had increased α-SYN 

and CD63 levels. These EVs promoted sustained inflammatory cytokine release and absence of 

a subsequent response to LPS in treated macrophages, suggestive of an exhausted-like 

population. The induced immune response in macrophages was largely independent of the 

amyloidogenic capacity of CsgA, but CsgA-WT is expected to be a stronger inducer due to EEC 

chemokine secretion. Interestingly, CsgA-associated EVs from EECs promote modest α-SYN 

seeding capacity in peripheral neurons and macrophages, suggesting EECs may promote α-SYN 

pathology in tissue-resident cells upon exposure to bacterial amyloids. Conclusively, we identified 

EECs as upstream sensors of CsgA that respond by altering their α-SYN intracellular trafficking 

to elicit EV-mediated sustained immune response of macrophages associated with exhaustion. 

This novel CsgA-EEC-immune axis could promote dysregulation of host intestinal homeostasis 

accompanied by altered microbiota composition to predispose to early stages of PD. A graphical 

model of CsgA’s mechanism of action in HuTu-80 EECs is provided (Figure 26). 
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Figure 26. Graphical summary of the proposed CsgA-induced trafficking response in 

enteroendocrine cells and extracellular vesicle-mediated regulation of macrophages and neurons. 

The bacterial amyloid CsgA is uptaken and targeted to the lysosomes of EECs for degradation. Within the 

cell, CsgA provokes downregulation of lysosome trafficking proteins LAMP2 and DYNC1I2 and upregulation 

of extracellular vesicle release protein RAB27A. This is accompanied by reduced lysosomal α-SYN and 

increased supernatant and extracellular vesicle α-SYN levels. EECs respond to CsgA as an inflammatory 

trigger by surface exposure of the MHC class II molecule HLA-DR, IL-8 and MIP1-α chemokine release. 

Extracellular vesicles from CsgA-treated enteroendocrine cells carry CsgA (the “?” refers to the unknown 

localization of CsgA in the EVs) and show elevated CD63 levels, promote sustained macrophage 

inflammatory cytokine release and suppress the macrophage response to LPS, irrespective of CsgA’s 

amyloidogenic properties. CsgA-WT-associated extracellular vesicles increase α-SYN seeding capacity in 

recipient macrophages and neurons. 
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7. Outlook  

In this study, we discovered that CsgA-WT impacted the levels of intracellular trafficking and 

immune components in EECs, though a thorough functional understanding requires further 

validation. This section will focus on the most relevant experiments to investigate the mechanistic 

EEC response to bacterial amyloids, the role of EEC EVs, the exhausted macrophage phenotype, 

and to validate the findings in more physiological intestinal models. The optimization of the hIPSC-

derived intestinal organoid cultures to detect α-SYN expression in EECs and the quality control 

experiments in microfluidics EEC-neuron co-cultures have already been described in the 

respective “Discussion” section. 

The uptake mechanism of CsgA remains to be determined and its identification will help 

understand the participating downstream mechanisms involved. CsgA-WT and curli were 

localized to the lysosomes for degradation in HuTu-80 EECs and, accordingly, there was lack of 

co-localization of the bacterial amyloid with early endosomes labelled with RAB5A-GFP 48 hours 

post-treatment. However, at this time point of treatment, the majority of CsgA and curli are 

expected to have been uptaken. It would be interesting to study the early uptake of Alexa-594-

labeled CsgA/curli uptake by live-cell imaging to identify the mechanism of internalization. 

Particularly, fibronectin and RGD integrins were upregulated in whole-cell proteomics dataset of 

cells treated for 48 hours with CsgA-WT. This implies the possible involvement of these 

components  in the binding and endocytosis of CsgA [142] by EECs. Using RGD peptides that 

bind and block integrin-mediated internalization, we can evaluate whether fibronectin/integrins 

are involved in fluorescently labelled CsgA uptake in EECs. Interestingly, fibronectin/integrins are 

upstream activators of NF-κB [401] which is involved in CsgA-induced immunity [129]. Nuclear 

translocation of NF-κB (i.e., by immunostaining against a p65 antibody) as an activation readout 

can be used following CsgA treatment. Subsequently, IKKβ or IKKα inhibitors may discern 

whether the canonical or non-canonical pathway of NF-κB is activated. Overall, understanding 

the CsgA uptake mechanism and downstream pathways will provide a means of blocking CsgA 

internalization and insight into the EEC immune response, both of which potentially leading to 

targetable pathways to hinder PD pathology or ease gastrointestinal symptoms.  

Secondly, EECs responded to CsgA by modifying intracellular trafficking pathways to facilitate 

intercellular communication through EVs. Elucidating the sorting mechanism and the EV protein 

cargo and function will help identify the mechanism of CsgA-mediated immune exhaustion. 

Despite RAB27A upregulation by CsgA-WT, there was no change in the number of secreted EVs, 

suggesting it is the EV cargo (CD63, α-SYN) that is altered by CsgA-WT. CsgA-WT did not alter 
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ESCRT-dependent protein levels (i.e., ALIX, TSG101, VPS22, VPS36 etc) and SMPD3 (involved 

in the ceramide-dependent exosomal pathway [436]) was not detected in the proteomics. Instead, 

ESCRT-independent sorting components (CD9, CD63, and CD81) were upregulated implying a 

potential cargo selection mechanism which should be validated by genetic silencing, and could 

represent a novel bacterial amyloid-induced EEC pathway driving immune regulation. It would 

also be interesting to assess CsgA localization in the EVs (lumen or membrane) to gain an initial 

understanding on how CsgA is sorted to EVs, and this could be achieved with the help of CsgA-

WT-594 and imaging flow cytometry. Altogether, the sorting mechanisms of CsgA and associated 

cellular signals will aid the understanding of how EECs may impact intestinal homeostasis in 

response to bacterial amyloids. 

In the same direction, CsgA-associated EVs induced immune exhaustion-like properties in 

macrophages and it is fundamental to comprehend the phenotype and molecular pathways 

driving this response. The response kinetics can be deduced by performing live-cell imaging of 

macrophages treated with fluorescently labelled (DiI or DiO [437]) EVs. How fast are EVs uptaken 

by macrophages and how long is the fluorescent signal visible in macrophages? Do EVs from 

CsgA-treated HuTu-80 persist in macrophages longer than EVs from PBS-treated HuTu-80? Is 

CsgA detectable in macrophage lysates? Considering the novelty and significance of our obtained 

results regarding bacterial amyloids as immunity deregulators in intestinal PD pathology, EEC-

derived EV and macrophage proteomics analysis should be employed. Particularly, exhausted 

macrophages display an M2-like phenotype, reduced bacterial phagocytosis, decreased antigen 

presentation, and CD38 upregulation [78, 81], all of which could be initially evaluated through the 

proteomics analysis prior to validation. These proteomics experiments will be fundamental to 

understanding the EV signals and macrophage molecular pathways responsible for the observed 

phenotypes paving the way towards therapeutics. 

Finally, the intestinal organoid and the developed EEC-peripheral neuron microfluidics model 

require further development, but they provide a physiologically relevant environment to validate 

the effects of bacterial amyloids on tissue-resident cells mediated by EECs. Relevant to the 

project, labelled CsgA-WT-594 retro-grade propagation can be investigated by live-cell imaging 

in microfluidics devices to assess whether bacterial amyloids can be transmitted from EECs to 

neurons where they may cross-seed with α-SYN. Particularly, EV release could be inhibited with 

GW4869 to assess whether CsgA-WT transport is involved in bacterial amyloid transfer. Due to 

the identification of modest α-SYN seeding capacity in peripheral neuron/macrophage co-

cultures, neurons in microfluidics could be stained with total α-SYN and pS129-α-SYN to evaluate 

whether detectable α-SYN pathology via EV transfer occurs. Formation of detergent-insoluble α-
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SYN can be verified by treating the samples with proteinase K. While these experiments focus on 

α-SYN pathology, neuronal electrophysiology can be measured to identify potential links between 

bacterial amyloids and gastrointestinal motility dysfunctions in PD patients. Lastly, intestinal 

organoids co-cultured with immune cells (i.e., macrophages) provide a final complex tissue-like 

system to validate the discovered pathways of EEC-mediated immune exhaustion. Human iPSC-

derived microfluidics co-culture and intestinal organoid models are useful for understanding 

bacterial amyloid-mediated PD pathogenesis with translation relevance and could be an integral 

part of a drug discovery pipeline for disease therapeutics. 
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9. Appendix 
Supplementary table 1. PCR primers list  

Primer Name Sequence (5’-3’) 

CsgA_1_FW ATCTTCCCCATCGGTGATGTC 

CsgA_1_RV AACTCAGCTTCCTTTCGGGC 

CsgA_2_FW CAACGTGGCTTCGGTAACAG 

CsgA_2_RV AGTCTGGTCAACTGCAGCAC 

 

Supplementary table 2. Primary antibodies list 

Target Host ICC/IHC WB Flow Brand Cat ID/RRID 

5-HT Rabbit 1:250   Sigma-Aldrich 
S5545/ 
RRID:AB_477522 

6xHis tag Rabbit  1:1,000  Proteintech 
10001-0-AP/ 
RRID:AB_11232228 

Alix Mouse  1:1,000  Santa Cruz 
sc-271975/ 
RRID:AB_10707811 

AP2S1 Rabbit  1:1,000  Proteintech 
15634-1-AP/ 
RRID:AB_3669216 

A-SYN Mouse 1:500 1:1,000  BD Biosciences 
610787/ 
RRID:AB_398107 

ATP5A Mouse  1:1,000  Santa Cruz 
sc-136178/ 
 RRID:AB_2061764 

Beta-actin Mouse  1:5,000  Santa Cruz 
sc-47778/ 
RRID:AB_626632 

Calnexin Mouse  1:200  Santa Cruz 
sc-80645/ 
RRID:AB_1119919 

CD163 Mouse 1:250   Santa Cruz 
sc-20066/ 
RRID:AB_626933 

CD45 Mouse   1:100 Biolegend 
304024/ 
RRID:AB_493761 

CD56/ 
NCAM Mouse   1:100 Biolegend 

362546/ 
RRID:AB_2565964 

CD63 Rabbit  1:1,000  Proteintech 
25682-1-AP/ 
RRID:AB_2783831 

CD68 Rat 1:300   Biorad 
MCA1957GA/ 
RRID:AB_324217 

CD86 Rabbit 1:250   Bethyl 
A700-030/ 
RRID:AB_2891831 
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CDX2 Rabbit 1:400   ThermoFisher 
PA5-95733/ 
RRID:AB_2807535 

ChAT Goat 1:100   Millipore 
AB144P/ 
RRID:AB_11212924 

CHGA Mouse 1:250   Santa Cruz 
sc-393941/ 
RRID:AB_2801371 

COX2 Mouse  1:1,000  Santa Cruz sc-514489 

COX4 Mouse  1:1,000  Santa Cruz 
sc-376731/ 
RRID:AB_2904544 

CsgA Rabbit  1:1,000  Cusabio 
CSB-
PA821944XA01EOD 

DYNCI12 Rabbit  1:1,000  Proteintech 
12219-1-AP/ 
RRID:AB_2093630 

FLOT1 Rabbit  1:1,000  Santa Cruz 
sc-25506/ 
 RRID:AB_2106567 

GAPDH Mouse  1:15,000  Santa Cruz 
sc-47724/ 
RRID:AB_627678 

GCase Mouse  1:1,000  Sigma Aldrich WM0002629M1 

HA tag Rabbit 1:100 1:1,000  Proteintech 
51064-2-AP/ 
RRID:AB_11042321 

HEXB Mouse  1:1,000  Santa Cruz 
sc-376781/ 
RRID:AB_2909474 

HLA-DR Mouse   1:100 Biolegend 
307658/ 
 RRID:AB_2572101 

HSP60 Mouse  1:2,000  Santa Cruz 
sc-271215/ 
RRID:AB_10607973 

HSP90 Rabbit  1:1,000  Enzo LifeSciences 
ADI-SPA-836/ 
RRID:AB_10615944 

LAMP1 Rabbit  1:1,000  Proteintech 
21997-1-AP/ 
RRID:AB_2878966 

LAMP1 Mouse 5 μg/mL   DSHB 
H4A3/ 
RRID:AB_626853 

LAMP2 Mouse 5 μg/mL   DSHB 
H4B4/ 
RRID:AB_528129 

LC3B Rabbit  1:500  Proteintech 
18725-1-AP/ 
RRID:AB_2137745 

MAP2 Chicken 1:5,000   Biolegend 
822501/ 
RRID:AB_2564858 

NDUFS3 Mouse  1:1,000  Santa Cruz 
sc-374282/ 
RRID:AB_10991315 

NDUFV1 Mouse  1:1,000  Santa Cruz 
sc-100566/ 
RRID:AB_2282460 



152 
 

P62 Mouse  1:2,000  Sigma Aldrich 
P0067/ 
 RRID:AB_1841064 

PARK7 Mouse  1:500  Santa Cruz 
sc-55572/ 
RRID:AB_831639 

PRPH Rabbit 1:2,000   Invitrogen 
AB1530/ 
RRID:AB_90725 

PSMA3 Mouse  1:250  Santa Cruz 
sc-166205/ 
RRID:AB_2253046 

PSMB2 Mouse  1:250  Santa Cruz 
sc-58410/ 
RRID:AB_785340 

PSMB5 Mouse  1:250  Santa Cruz 
sc-393931/ 
RRID:AB_2800553 

RAB27A Rabbit  1:1,000  Proteintech 
17817-1-AP/ 
 RRID:AB_2176728 

SOD1 Mouse  1:5,000  Santa Cruz 
sc-17767/ 
 RRID:AB_628301 

SYP1 Rabbit 1:500   
Cell Signalling 
Technology 

36406/ 
RRID:AB_2799098 

TLR2 Rabbit  1:1,000  
Cell Signalling 
Technology 

12276S/ 
 RRID:AB_2797867 

TUJ1 Mouse 1:1,000   Biolegend 
801202/ 
RRID:AB_2313773 

VDAC Mouse  1:5,000  Santa Cruz 
sc-390996/ 
RRID:AB_2750920 

Vimentin Mouse  1:2,000  BD Biosciences 
550513/ 
RRID:AB_393716 

VPS26A Rabbit  1:1,000  Proteintech 
12804-1-AP/ 
RRID:AB_2215033 

 

Supplementary table 3. Secondary antibodies list 

Target Host ICC/IHC WB Brand Cat ID/RRID 

Anti-Rabbit IgG, 

HRP-linked Antibody 

Goat  1:5,000 Cell Signalling 

Technology 

7074/ 

RRID:AB_2099233 

Anti-Mouse IgG, 

HRP-linked Antibody 

Goat  1:5,000 Cell Signalling 

Technology 

7076/ 

RRID:AB_330924 

IRDye 800CW anti-

Rabbit IgG 

Goat  1:5,000 LI-COR 926-32211/ 

RRID:AB_621843 

IRDye 680RD Anti-

Mouse IgG 

Goat  1:5,000 LI-COR 926-68070/ 
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RRID:AB_10956588 

Anti-Mouse IgG 

(H+L) Cross-

Adsorbed Secondary 

Antibody, Alexa 

Fluor™ 488 

Goat 1:1,000  ThermoFisher A-11001/ 

RRID:AB_2534069 

Anti-Mouse IgG 

(H+L) Cross-

Adsorbed Secondary 

Antibody, Alexa 

Fluor™ 568 

Goat 1:1,000  ThermoFisher A11004/ 

RRID:AB_2534072 

Anti-Rabbit IgG (H+L) 

Cross-Adsorbed 

Secondary Antibody, 

Alexa Fluor™ 488 

Goat 1:1,000  ThermoFisher A11008/ 

RRID:AB_143165 

Anti-Rabbit IgG (H+L) 

Secondary Antibody, 

Alexa Fluor™ 568 

Goat 1:1,000  ThermoFisher A-11011/ 

RRID:AB_143157 

Anti-Chicken IgY 

(H+L) Cross-

Adsorbed Secondary 

Antibody, Alexa 

Fluor™ 647 

Goat 1:1,000  ThermoFisher A32933/ 

RRID:AB_2762845 

Anti-Goat IgG (H+L) 

Cross-Adsorbed 

Secondary Antibody, 

Alexa Fluor™ 488  

Donkey 1:1,000  ThermoFisher A-11055/ 

RRID:AB_2534102 

 

Supplementary table 4. qPCR primers list  

Primer Name Sequence (5’-3’) 

SNCA_FW GGAGTGGCCATTCGACGAC 

SNCA_FW CCTGCTGCTTCTGCCACAC 

ACTB_FW TGACCCAGATCATGTTTGAGA 

ACTB_RV AGTCCATCACGATGCCAGT 

HSP90AA1_FW TCTGCCTCTGGTGATGAGATGG 

HSP90AA1_RV CGTTCCACAAAGGCTGAGTTAGC 

HSP90AB1_FW CTCTGTCAGAGTATGTTTCTCGC 

HSP90AB1_RV GTTTCCGCACTCGCTCCACAAA 

PAX3_FW AGCTCGGCGGTGTTTTTATCA 

PAX3_RV CTGCACAGGATCTTGGAGACG 
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HOXB3_FW CCAGTGCCACTAGCAACAG 

HOXB3_RV CGTTTGCCTCGACTCTTTCATC 

HOXB4_FW CGTGAGCACGGTAAACCCC 

HOXB4_RV CGAGCGGATCTTGGTGTTG 

HOXB5_FW AACTCCTTCTCGGGGCGTTAT 

HOXB5_RV CATCCCATTGTAATTGTAGCCGT 

SOX10_FW CCTCACAGATCGCCTACACC 

SOX10_RV CATATAGGAGAAGGCCGAGTAGA 

ASCL1_FW CCCAAGCAAGTCAAGCGACA 

ASCL1_RV AAGCCGCTGAAGTTGAGCC 

EDNRB_FW GCAAACCGCAGAGATAATGACG 

EDNRB_RV GGACACAACCGTGTTGATGTATT 

PHOX2B_FW AACCCGATAAGGACCACTTTTG 

PHOX2B_RV AGAGTTTGTAAGGAACTGCGG 

 

 

Supplementary table 5. Reagents lists (alphabetical order) 

Reagent Company Catalogue # 

2% Uranyl Acetate Electron Microscope Scienes Cat #22400-2 

5x Colorless Reaction Buffer  Promega Cat #M792A 

Accutase Stem Cell Technologies Cat #07920 

Advanced DMEM/F12 Fisher Scientific Cat #12634010 

Agar Sigma-Aldrich Cat #05040-250G 

Agarose (low electroendoosmosis) Sigma Aldrich Cat #1168020250 

Aluminium ammonium sulfate dodecahydrate Merck Millipore Cat #1010310500 

Ampicillin Carl Roth Cat #K029.2 

Anti-HA Magnetic Beads ThermoFisher Cat #88837 

Ascorbic Acid Sigma-Aldrich Cat #A8960-5G  

B-27 without vitamin A supplement ThermoFisher Cat #12587010 

Bafilomycin A1 Invivogen Cat #tlrl-baf1 

BDNF  ThermoFisher Cat #450-02-500ug 

BigDye Terminator v3.1 Cycle Sequencing Kit ThermoFisher Cat #4337456 

b-mercaptoethanol Sigma-Aldrich Cat #M3148-100ML 

BMP4 Proteintech Cat #HZ-1045 

Bovine Serum Albumin (BSA) Fisher Scientific Cat #10053863 

Casamino Acids ThermoFisher Cat #223050 

CellLight Early Endosomes-GFP, BacMam 2.0 ThermoFisher Cat #C10586 

CHIR99021  Sigma-Aldrich Cat #SML1046-5MG 

Chloroquine Invivogen Cat #tlrl-chq-4  

Congo Red Sigma-Aldrich Cat #C6277-25G 
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Coomassie Brilliant Blue G 250 Sigma-Aldrich Cat #1.15444 

DAPI Sigma Aldrich Cat #D9542-10MG 

dibutyryl-cAMP (dbcAMP) MedChem Express Cat #HY-B0764 

Dimethylsulfoxide (DMSO) Sigma-Aldrich Cat #276855-1L 

Di-potassium hydrogen phosphate Carl Roth Cat #T875.1 

DNase I Sigma-Aldrich Cat #10109169001 

dNTPs 100 mM ThermoFisher Cat #R0182 

Dulbecco's Modified Eagle Medium (DMEM) Gibco Cat #41965039 

Ethanol VWR Cat #437435L 

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich Cat #E6758-100G 

Fetal Bovine Serum (FBS) ThermoFisher Cat #A5256801 

Fluorescence Mounting Medium (DAKO) Agilent Technologies Cat #S302380-2 

GDNF  ThermoFisher Cat #450-10-500ug 

Gentamycin sulphate Carl Roth Cat #0233.3 

GlutaMAX Supplement Gibco Cat #35050038 

Glycerol Sigma-Aldrich Cat #G5516-100ML 

Glycine Sigma Aldrich Cat #1.00590.0001 

GoTaq DNA Polymerase Promega Cat #M3005 

Guanidine Hydrochloride Sigma-Aldrich Cat #50950-2.5KG  

HEPES Sigma-Aldrich Cat #H3784-25G 

Hydrochloric Acid (HCl) Sigma-Aldrich Cat #1.00317.1011 

IFNg ImmunoTools Cat #11343536 

IL-3 Immunotools Cat #11340035 

Imidazole Sigma-Aldrich Cat #I5513-25G 

Isopropyl-β-D-thiogalactopyranoside (IPTG) Fisher Scientific Cat #10397642  

Laemmli SDS sample buffer, reducing (6X)  Fisher Scientific Cat #15493939  

Laminin R&D Systems Cat #3400-010-03 

Lipopolysaccharide (LPS) Invivogen Cat #tlrl-3pelps 

Luria-Bertani broth (LB) medium powder Carl Roth Cat #X964.2 

LysoTracker Blue DND-22 ThermoFisher Cat #L7525 

Lysozyme  Sigma-Aldrich Cat #L6876-1G 

Magnesium Chloride Sigma-Aldrich Cat #8147330100 

Matrigel Dutscher Cat #354230 

M-CSF Proteintech Cat #HZ-1192 

Micro BCA Protein Assay Kit ThernoFisher Cat #23235 

Midori Green Advance Dutscher Cat #523268 

mTeSR Plus Stem Cell Technologies Cat #100-0276 

N-2 supplement Fisher Scientific Cat #17502048 

NaCl Sigma Aldrich Cat #S9625-5KG 

Neurobasal Fisher Scientific Cat #21103049  

Normal Goat Serum ThermoFisher Cat #50062Z 

Paraformaldehyde, 4% ThermoFisher Cat #J61899.AP 

Penicillin / Streptomycin ThermoFisher Cat #15140122 

Phenylmethylsulfonyl fluoride (PMSF) Sigma-Aldrich Cat #P7626 

Phorbol 12-myristate 13-acetate  Sigma-Aldrich Cat #P8139-5MG 

Phosphate Buffered Saline (PBS) ThermoFisher Cat #10010023 

Phosphoric Acid, 85% Sigma-Aldrich Cat #345245-100ML 

Pierce BCA Protein Assay Kit Fisher Scientific Cat #23225 

Pierce Protease and Phosphatase Inhibitor Fisher Scientific Cat #A32959 

Polybrene Sigma-Aldrich Cat #TR-1003-G 
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Potassium Chloride Carl Roth Cat #P017.1 

Potassium phosphate monobasic Sigma-Aldrich Cat #P5379-500G 

Purmorphamine  Merck Millipore Cat #540220-5MG 

Puromycin Invivogen Cat #ant-pr-1 

RNase A Sigma-Aldrich Cat #10109169001 

RPMI Sigma Aldrich Cat #R0883-6X500ML 

SCF ImmunoTools Cat #11343325 

SignalFire Elite ECL Reagent Cell Signalling Technology Cat #12757S 

Skimmed milk Dutscher Cat #711160 

Sodium Chloride Sigma-Aldrich Cat #S9625-5KG 

Sodium dodecyl sulfate (SDS) Carl Roth Cat #CN30.3 

Sodium Fluoride (NaF) Sigma-Aldrich Cat #201154-5G 

Sodium Hydroxide (NaOH) Sigma-Aldrich Cat #S5881-500G 

Sodium orthovanadate (Na3VO4) Sigma-Aldrich Cat #450243-10G 

Sytox Blue ThermoFisher Cat #S34857 

Thioflavin T (ThT) Sigma-Aldrich Cat #T3516 

Tris-HCl Sigma-Aldrich Cat #T3253-1KG 

Triton X Carl Roth Cat #3051.4 

Trypan Blue Solution Sigma Aldrich Cat #T8154-100ML 

Tryptone Fisher Scientific Cat #16279751 

Tween 20 Sigma-Aldrich Cat #P9416-100ML 

VEGF ImmunoTools Cat #11343665 

Wheat Germ Agglutinin Alexa Fluor 488 ThermoFisher Cat #W11261 

X-Vivo 15 Lonza Cat #02-060Q 

Y-27632  Selleck Chemicals Cat #S1049 

Yeast Extract Fisher Scientific Cat #16279781 

ZombieNIR Fixable Viability Kit Biolegend Cat #423106 

 

Plasmid and oligonucleotide sequences 

>pET-CsgA-WT-6xHis 

CsgA-WT-6xHis 

TTCTTGAAGACGAAAGGGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGACGTC

AGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGC

TCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCG

CCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGC

TGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCG

CCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTGTTGACGCC

GGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAG

CATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACT

TACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCC

TTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGCAGCAATG

GCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGG

AGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAG

CCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCT

ACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGC

ATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAG

GTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCG

TAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACC

GCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGC

GCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACA

TACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCA
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AGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGC

GAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAG

GCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCC

TGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGG

CGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATG

TTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCA

GCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTAC

GCATCTGTGCGGTATTTCACACCGCATATATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCC

AGTATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGCGC

CCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAG

AGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGAAGCGATTC

ACAGATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAG

CGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGGTCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCATGGGG

GTAATGATACCGATGAAACGAGAGAGGATGCTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAA

CGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCACTCAGGGTCAATGCCAGCG

CTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCAGCATCCTGCGATGCAGATCCGGAACATAATGGT

GCAGGGCGCTGACTTCCGCGTTTCCAGACTTTACGAAACACGGAAACCGAAGACCATTCATGTTGTTGCTCAGG

TCGCAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATTCTGCTAACCAGTAAGGC

AACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGCGCACCCGTGGCCAGGACCCAACGCT

GCCCGAGATGCGCCGCGTGCGGCTGCTGGAGATGGCGGACGCGATGGATATGTTCTGCCAAGGGTTGGTTTGC

GCATTCACAGTTCTCCGCAAGAATTGATTGGCTCCAATTCTTGGAGTGGTGAATCCGTTAGCGAGGTGCCGCCGG

CTTCCATTCAGGTCGAGGTGGCCCGGCTCCATGCACCGCGACGCAACGCGGGGAGGCAGACAAGGTATAGGGC

GGCGCCTACAATCCATGCCAACCCGTTCCATGTGCTCGCCGAGGCGGCATAAATCGCCGTGACGATCAGCGGTC

CAGTGATCGAAGTTAGGCTGGTAAGAGCCGCGAGCGATCCTTGAAGCTGTCCCTGATGGTCGTCATCTACCTGC

CTGGACAGCATGGCCTGCAACGCGGGCATCCCGATGCCGCCGGAAGCGAGAAGAATCATAATGGGGAAGGCCA

TCCAGCCTCGCGTCGCGAACGCCAGCAAGACGTAGCCCAGCGCGTCGGCCGCCATGCCGGCGATAATGGCCTG

CTTCTCGCCGAAACGTTTGGTGGCGGGACCAGTGACGAAGGCTTGAGCGAGGGCGTGCAAGATTCCGAATACC

GCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCGAAAGCGGTCCTCGCCGAAAATGACCCAGAGCGCTGCCG

GCACCTGTCCTACGAGTTGCATGATAAAGAAGACAGTCATAAGTGCGGCGACGATAGTCATGCCCCGCGCCCAC

CGGAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTAATGAGTGAGCTAACT

TACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGG

CCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCAA

CAGCTGATTGCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGG

CGAAAATCCTGTTTGATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCCACTACCG

AGATATCCGCACCAACGCGCAGCCCGGACTCGGTAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCA

ACCAGCATCGCAGTGGGAACGATGCCCTCATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCAG

TCGCCTTCCCGTTCCGCTATCGGCTGAATTTGATTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGACGC

GCCGAGACAGAACTTAATGGGCCCGCTAACAGCGCGATTTGCTGGTGACCCAATGCGACCAGATGCTCCACGCC

CAGTCGCGTACCGTCTTCATGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAGAGACATCAAGAAATAACGCC

GGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAGCGGATAGTTAATGATCAGCCCACTG

ACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGACGCCGCTTCGTTCTACCATCGACACCAC

CACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGCCGCGACAATTTGCGACGGCGCGTGCAGGGCCAGA

CTGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAATGTAATT

CAGCTCCGCCATCGCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACCACGCGGG

AAACGGTCTGATAAGAGACACCGGCATACTCTGCGACATCGTATAACGTTACTGGTTTCACATTCACCACCCTGAA

TTGACTCTCTTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTTGCGCCATTCGATGGTGTCCGGGATCTCGAC

GCTCTCCCTTATGCGACTCCTGCATTAGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCA

AGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGA

AACAAGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCA

ACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCGAGATCTCGATCCCGCGAA

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAA

GGAGATATACCATGGGTGTTGTTCCTCAGTACGGCGGCGGCGGTAACCACGGTGGTGGCGGTAATAATAGCGGC

CCAAATTCTGAGCTGAACATTTACCAGTACGGTGGCGGTAACTCTGCACTTGCTCTGCAAACTGATGCCCGTAACT

CTGACTTGACTATTACCCAGCATGGCGGCGGTAATGGTGCAGATGTTGGTCAGGGCTCAGATGACAGCTCAATCG

ATCTGACCCAACGTGGCTTCGGTAACAGCGCTACTCTTGATCAGTGGAACGGCAAAAATTCTGAAATGACGGTTA

AACAGTTCGGTGGTGGCAACGGTGCTGCAGTTGACCAGACTGCATCTAACTCCTCCGTCAACGTGACTCAGGTT

GGCTTTGGTAACAACGCGACCGCTCATCAGTACCATCACCATCACCATCACTAAGGATCCGGCTGCTAACAAAGC

CCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGG

TCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATATCCCGCAAGAGGCCCGGCAGTACCGGCATAAC

CAAGCCTATGCCTACAGCATCCAGGGTGACGGTGCCGAGGATGACGATGAGCGCATTGTTAGATTTCATACACGG
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TGCCTGACTGCGTTAGCAATTTAACTGTGATAAACTACCGCATTAAAGCTTATCGATGATAAGCTGTCAAACATGAG

AA 

 

 

>CsgA-R12343-6xHis_oligonucleotide 

R3 sequence 

ATGCACCCATGGGTGTTGTTCCTCAGTACGGCGGCGGCGGTAACCACGGTGGTGGCGGTAATAATAGCGGCCCA

AATTCTGAGCTGAACATTTACCAGTACGGTGGCGGTAACTCTGCACTTGCTCTGCAAACTGATGCCCGTAACTCTG

ACTTGACTATTACCCAGCATGGCGGCGGTAATGGTGCAGATGTTGGTCAGGGCTCAGATGACAGCTCAATCGATC

TGACCCAACGTGGCTTCGGTAACAGCGCTACTCTTGATCAGTGGAACGGCAAAAATTCTGAAATGACGGTTAAAC

AGTTCGGTGGTGGCAACGGTGCTGCAGTTGACCAGACTGCATCTAACAGTTCGATTGACCTAACGCAGAGAGGT

TTCGGAAATTCTGCAACTCTTGACCAATGGAATGGCAAGAATCATCACCATCACCATCACTAAGGATCCATGCAC 
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