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Gastrointestinal (GI) dysfunction emerges years before motor
symptoms in Parkinson’s disease (PD), implicating the enteric
nervous system (ENS) in early disease progression. However,
the mechanisms linking the PD hallmark protein, o-synuclein
(o-syn), to ENS dysfunction - and whether these mechanisms
are influenced by inflammation - remains elusive. Using iPSC-
derived enteric neural lineages from patients with o-syn trip-
lications, we reveal that TNF-o increases mitochondrial-o-syn
interactions, disrupts the malate-aspartate shuttle, and forces a
metabolic shift toward glutamine oxidation. These alterations
drive mitochondrial dysfunction, characterizing metabolic im-
pairment under cytokine stress. Interestingly, targeting glu-
tamate metabolism with Chicago Sky Blue 6B restores mito-
chondrial function, reversing TNF-o-driven metabolic disrup-
tion. Our findings position the ENS as a central player in PD
pathogenesis, establishing a direct link between cytokines, c-syn
accumulation, metabolic stress and mitochondrial dysfunction.
By uncovering a previously unrecognized metabolic vulnerabil-
ity in the ENS, we highlight its potential as a therapeutic target
for early PD intervention.
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Introduction

Parkinson’s disease (PD) is the most frequent movement dis-
order in humans. The motor deficits - hypokinesia, rigidity,
and tremor - are caused by dopaminergic neuronal loss in
the substantia nigra'. However, non-motor symptoms, par-
ticularly those affecting the gastrointestinal (GI) tract, are in-
creasingly recognized as early and clinically significant man-

ifestations of PD?>3. Chronic constipation and abdominal
bloating often precede motor deficits by years*, suggesting
a role for the enteric nervous system (ENS) in early disease
pathogenesis. The ENS, a vast network of over 500 mil-
lion enteric neurons and glia within the bowel wall, regulates
motility, secretion, and blood flow while also modulating in-
testinal immunity and interacting with the microbiota. Tts
striking similarities to the central nervous system (CNS) re-
garding neuronal diversity and signaling suggest that ENS
dysfunction could contribute to early GI symptoms in PD and
influence disease progression.

Accordingly, Braak’s hypothesis suggests that PD pathology
originates in the GI tract and spreads to the brain via the
vagus nerve®. Central to this hypothesis is o-synuclein (a-
syn), whose aggregation defines PD pathology'. While a-syn
toxicity has been extensively studied in CNS’, its impact on
the ENS remains poorly understood. Histopathological stud-
ies confirmed o-syn accumulation in enteric neurons of PD
patients®, and animal models replicated this phenomenon,
linking ENS dysfunction to GI symptoms®!?. Notably, in-
jection of a-syn epitopes in humanized mice triggered in-
testinal inflammation, constipation, and enteric neuronal loss,
demonstrating that a-syn can directly drive ENS dysfunction
and GI pathology!!.

Neuroimmune interactions, the crosstalk between neu-
ronal and immune signaling, are increasingly recognized
in PD, with cytokines playing a key role in o-syn-driven
pathology'>!#. We previously demonstrated that a-syn in-
creases the susceptibility of iPSC-derived cortical neurons to
cytokine-induced toxicity, particularly IL-17A'#, suggesting
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Figure 1. iPSC-ENL:s as a model for studying synucleinopathies

(A) Paradigm illustrating the differentiation of ENLs from iPSCs. Gener-
ated using BioRender. (B) Heatmap showing gene expression of neuronal
marker TUBB3, glial marker GFAP, and enteric neuronal markers PHOX2B,
ELAVL4, and HOXB3 in iPSC-derived ENLs at days 6, 40, and 70 of differ-
entiation using RT-qPCR. Log?2 fold change was calculated relative to the Iso
group at day 6 of differentiation and averaged for n=3 biological replicates
per group. See also Figure SIB. (C) Immunocytochemistry characteriza-
tion of iPSC-derived ENLs at day 70 after start of differentiation. Left pan-
els show the glial marker GFAP (red), the enteric neuronal marker HuC/D
(green), and DAPI (blue) for cell nuclei staining. Right panels show a-syn
(green, 2A7 antibody, Novus, Cat: NBP1-05194) and DAPI (blue) for cell
nuclei staining. Upper panels represent the Iso group, and bottom panels
the SNCA 3x group. (D) UMAP plots obtained from scRNA-seq analysis
of Iso and SNCA 3x ENLs at day 70 after start of differentiation, separated
by the clusters identified after annotation. (E) Fraction of cells per cluster
identified in (D). n=3 biological replicates per group, **p<0.01 by unpaired
two-tailed Student’s t-test. (F) Dotplot showing the average and percent-
age of expression of canonical marker genes for each cluster identified in
(D). (G) Ridgeplot comparing the expression of SNCA between each cluster
identified in (D). n=3 biological replicates per group, p-values calculated by

unpaired two-tailed Student’s t-test.

that both a-syn accumulation and inflammatory stimuli con-
tribute to disease pathology. In the CNS, proinflammatory
cytokines exacerbate a-syn-induced mitochondrial dysfunc-
tion, oxidative stress, and synaptic impairments'!3-14, accel-
erating neurodegeneration. Similarly, a-syn has been im-
plicated in intestinal inflammation®!!:13-16 " yet most studies
rely on animal models, which do not fully replicate human
pathology. Given that both immune activation and mito-
chondrial dysfunction play essential roles in PD, metabolic
dysregulation may act as a key intermediary linking these
processes. In this sense, impaired energy metabolism and
oxidative stress have been described as major contributors
of PD pathogenesis'!7, with enteric neurons being particu-
larly dependent on mitochondrial respiration'®. Disruptions
in metabolic homeostasis may amplify their vulnerability
to inflammation, further aggravating ENS dysfunction. PD
studies have demonstrated disease-induced alterations in mi-
tochondrial respiration, amino acid metabolism, and bioen-
ergetic substrate utilization!”!?, but how these mechanisms
contribute to enteric neurodegeneration remains unclear.

Studying a-syn pathology in the human ENS faces signif-
icant challenges. Unlike classical gastrointestinal diseases
like inflammatory bowel diseases (IBD), GI specimens from
PD patients are rarely available. ENS complexity and its
unique microenvironment limit insights from histopatholog-
ical studies, which confirmed o-syn accumulation®, but not
its functional impact. Additionally, interspecies differences
in animal models hinder the translation of findings to human
disease?®. Recent iPSC advances offer a promising platform
for modeling a-syn pathology in both the CNS and ENS.
iPSC-derived neurons enable patient-specific studies®!, and
protocols for generating enteric neural lineages (ENLs) from
iPSCs?? have advanced Hirschsprung disease?>. Neverthe-
less, this approach remains unexplored for PD.
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To address these gaps, we utilized iPSC-based modeling of
the ENS. Employing multiomics and functional analyses, we
examined whether an increase in a-syn contributes to early
PD pathology in the ENS and if this process is intensified
by proinflammatory cytokines. We used iPSC-ENLs from
PD patients with a-syn gene triplications (SNCA 3x) and
demonstrated that SNCA 3x ENLs exhibit enhanced TNF-o
susceptibility, leading to increased mitochondrial a-syn accu-
mulation. This triggered TNF-induced metabolic reprogram-
ming, impairing the malate-aspartate shuttle (MAS) and tri-
carboxylic acid (TCA) cycle, thereby increasing reliance on
glutamine oxidation. These metabolic shifts impaired cellu-
lar energy metabolism, leading to increased enteric neuronal
vulnerability. This could be rescued by targeting glutamate
metabolism with Chicago-Sky-Blue 6B (CSB6), a competi-
tive inhibitor of vesicular glutamate transporters. Our data
highlight the iPSC-ENL platform as an invaluable tool for
studying human synucleinopathies and underscore cytokines
and metabolic dysfunction, specifically MAS impairment, as
critical drivers of enteric pathology in early PD.

Results

iPSC-ENLs as a model for studying synucleinopathies

To study the enteric nervous system in synucleinopathies, we
generated ENLs from three SNCA 3x iPSC lines and their
isogenic controls (Is0)?*.

The differentiation protocol starts from iPSCs and involves
the induction of neural crest cells followed by enteric lineage
specification to recapitulate key developmental pathways in
vitro?2. Within the differentiation process towards ENLs we
assessed the expression of marker genes at three time points:
iPSC at an early stage of ENC induction (day 6), a middle
time point during ENL differentiation (day 40) and full dif-
ferentiation at day 70 (Figure 1A). As expected, already at
day 40 of ENL differentiation, Reverse Transcription Poly-
merase Chain Reaction (RT-qPCR) confirmed the presence
of the neuronal marker TUBB3 and enteric neuronal markers
ELAVI4, PHOX2B, and HOXB3 in both Iso and SNCA 3x
lines (Figures 1B, S1B). Similarly, ENLs showed expression
of the glial marker GFAP at day 70, with no group-level dif-
ferences (Figures 1B, S1B). Immunostaining confirmed the
presence of GFAP and the enteric neuron marker HuC/D in
both groups, along with a specific increase in o-syn levels in
SNCA 3x ENLs at day 70 (Figure 1C).

Cellular diversity and gene expression patterns in iPSC-ENLs
at day 70 of differentiation were explored using single-cell
RNA sequencing (scRNAseq). Through clustering and sub-
sequent annotation, we determined three primary cell pop-
ulations: enteric neurons, glia, and proliferating cells (Fig-
ures 1D, S1C-D). Interestingly, SNCA 3x ENLs exhibited
a lower proportion of enteric neurons compared to the Iso
group (Figure 1E). Each cluster expressed its classically de-
scribed canonical markers2225 (Figure 1F). We also mea-
sured SNCA expression levels to assess a-syn in the ENS.
Enteric neurons had the highest SNCA expression, followed
by glia, and proliferating cells showed the lowest expression
(Figure 1G). Between the two conditions, SNCA 3x glia ex-

bioRxiv | 3


https://doi.org/10.1101/2025.03.25.644826
http://creativecommons.org/licenses/by-nc-nd/4.0/

4

bioRxiv

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.25.644826; this version posted March 26, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Iso

Enteric neuron subclusters

SNCA 3x

ececccccccccce
B ASOONONRWN=O

[RINENCY

5 5
UMAP_1

' : Subcluster composition - enteric neurons

=

clusters
-
NP ONBRERNODDOWON

i

i
w

0
obs_log2FD

10

significance
+ FDR < 0.05 & abs(Log2FD) > 1
ns.

Enteric glia subclusters

SNCA 3x

LB BOENONBWNSO

N=o

.
ccccescssccce

-5 0 5 10

5 -5 0 5 10 15

UMAP_1

G Subcluster composition - enteric glia

clusters

[N
OB NN®UE

0 5
obs_log2FD

10

significance
+ FDR < 0.05 & abs(Log2FD) > 1
n.s.

8 3 4 9
[ )
B S I O I I S condition
I T I ster
— CHCHD2
HMGCR
| | INSIG1
DHCR24
SELENOI
HMGCS1
l MSMO1 condition
ACSL3 Wiso
scp B SNCA3X
=]} cluster
FDFT1 m3
saLe A
LDLR Ho
{ | | EIF2AK3 Z-score
| ATPBAt 2
SLC25A13 Lk
LDHA 0
NR2F2 I -1
k o ;

TXNIP

D Enrichment analysis- enteric neuron subclusters

Other semaphorin interactions Counts
Cell adhesion molecules : ;g
Cell-cell junction organization @50
Ubiquitin mediated proteolysis Cluster
Protein—protein interactions at synapses -10
axonogenesis 1;
Antigen processing : ; 3
‘GABA receptor activation -3
Integration of energy metabolism g
GABAergic synapse ° -6
Transmission across Chemical Synapses L X3 3
Glutamatergic synapse o o “log10(p.adjust)
axon guidance °e .5
synapse organization © © @ ® @ ® » -10
1011121323456 89
subclusters
4 12 3 0
F I IS I N condition
I BN S cluster
HMGCR
ﬂ [ saie
sco
| GADD4SA  gondition
| ] PMAIP1 Miso
|-_|:[ - TrEB M SNCA 3X
mo
B
I \E NR3C1 |2
CHCHD2 Z*sogre
[ ] NUPR1 1
{ PRKCD o
PLK3 l:;
MT-cO2
MT-CO3
MT-ND4
MT-CO1

H Enrichment analysis- enteric glia subclusters

regulation of lipid metabolic process Counts
CM-receptor interaction * 10
Integration of energy metabolism . gg
TGF-beta signaling pathway o7
Steroid biosynthesis
Motor proteins Cluster
peripheral nervous system development ‘0
NCAM1 interactions -1
PI3K-Akt signaling pathway -10
Cell adhesion molecules J -1
regulation of cell junction assembly . <12
Extracellular matrix organization 3
Spliceosome o 5
Metabolism of steroids . 8
mRNA Splicing L4 -8
cell junction assembly .9
mRNA processing ° ’
ECM proteoglycans . jgﬂ
microtubule-based movement ° 0

extracellular matrix organization °
0 11 112 3 4 5 6 8 9
subclusters

Ghirotto etal. |

10(p.adjust)

TNF-o drives ENS metabolic rewiring in PD


https://doi.org/10.1101/2025.03.25.644826
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.25.644826; this version posted March 26, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 2. SNCA 3x drives mitochondrial dysfunction at transcriptional
level and alters subpopulation abundance of enteric neurons and glia

(A) UMAP plots obtained from subclustering analysis of the enteric neurons
(see figure 1D) of Iso and SNCA 3x ENLs at day 70 after start of differ-
entiation. (B) Heatmap obtained from differential gene expression analysis
of Iso vs SNCA 3x enteric neurons characterizing the expression of tran-
scripts associated with the regulation of mitochondrial function. (C) Compo-
sitional analysis plot showing the significantly changed enteric neuron sub-
clusters between Iso and SNCA 3x. FDR=False Discovery Rate (Benjamini-
Hochberg correction); log2FD=log2Fold Difference. (D) Integrated enrich-
ment analysis including Reactome, KEGG and Gene Ontology Biological
Processes, Molecular Function and Cellular Component based on the enteric
neuron subcluster markers depicted in Figure S2A and Table S2. See table
S5. (E) UMAP plots obtained from subclustering analysis of the glia (see
figure 1D) of Iso and SNCA 3x ENLs at day 70 after start of differentia-
tion. (F) Heatmap obtained from differential gene expression analysis of
Iso vs SNCA 3x enteric glia characterizing the expression of transcripts as-
sociated with the regulation of mitochondrial function. (G) Compositional
analysis plot showing the significantly changed enteric glia subclusters be-
tween Iso and SNCA 3x. FDR=False Discovery Rate (Benjamini-Hochberg
correction); log2FD=log2Fold Difference. (H) Integrated enrichment anal-
ysis including Reactome, KEGG and Gene Ontology Biological Processes,
Molecular Function and Cellular Component based on the enteric glia sub-
cluster markers depicted in figure S2B and table S2. See table S5.

hibited higher SNCA expression compared to Iso (Figure
S1E).

To highlight the broader relevance of our iPSC ENL model,
we subclustered the sScRNAseq enteric neurons and glia cell
populations (Figures 1D and S1D) and compared them to the
previously published single-cell atlas of human gut tissue®®.
We identified 14 neuronal subclusters and 13 glial subclusters
(Figures 2A, 2E), with top markers associated with these sub-
clusters depicted in Figure S2A-B and Table S2. Annotation
using SingleR successfully mapped several distinct neuronal
and glial subtypes to the reference human gut tissue (Figure
S2C-F and Table S3). This included putative excitatory mo-
tor neuron 3 (PEMN3), expressing the D2 dopamine receptor
and putative inhibitory motor neuron 3 (PIMN3), marked by
adrenomedullin. The analysis also identified putative sensory
neurons (PSN), which sense and respond to chemical and me-
chanical stimuli and interneurons (PIN), involved in intercel-
lIular communication (Figures S2C, S2E). Most enteric glia
subclusters matched the Glia 1 subtype, linked to GDNF re-
ceptor GFRA2 expression®® (Figures S2D, S2F).

Overall, these results indicate that both Iso and SNCA 3x
iPSC lines differentiate effectively into ENLs, comprising a
mixed culture of enteric neurons and glial cells, which re-
capitulate the cellular diversity of the human ENS. The ob-
served a-syn expression underscores the model’s value for
studying synucleinopathies and broader ENS research.

SNCA 3x drives mitochondrial alterations at the transcrip-
tional level and alters subpopulation abundance of enteric
neurons and glia

We investigated whether increased o-syn alters gene expres-
sion and cellular abundance in enteric neuron and glial sub-
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populations using the scRNAseq data. Differential analyses
revealed mitochondrial dysfunction, a PD hallmark?’, as a
key feature of SNCA 3x ENLs. The number of differentially
expressed genes (DEGs) per subcluster is provided in supple-
mentary table S4.

For the SNCA 3x enteric neurons, the subpopulations cor-
responding to subclusters 8, 3, 4, and 9 exhibited the highest
changes in DEGs (Figure 2B, table S4). Specifically, subclus-
ters 3, 4 and 9 showed downregulation of HMGCR, DHCR24,
and SQLE (lipid homeostasis?®3%), and EIF2AK3 (stress
response31) (Figure 2B, Table S4). In contrast, subcluster
8 upregulated BNIP3 and TXNIP (mitochondrial stress3>33),
TFAM (mitochondrial biogenesis34), and LDHA (metabolic
reprogramming>®) (Figure 2B, Table S4). Functional en-
richment analysis of these subclusters revealed pathways re-
lated to synapse organization and glutamatergic signaling
(subclusters 3, 4, 9) and antigen processing (subcluster 8),
indicating that populations with metabolic alterations may
exhibit synaptic dysfunction and immune-related stress re-
sponses (Figure 2D, Table S5). For SNCA 3x enteric glia,
subclusters 4, 12, 3 and 0 exhibited notable changes in tran-
scription profile (Figure 2F, Table S4). Subcluster 3, in par-
ticular, showed downregulation of HUGCR, SQLE, and SCD,
indicative of disrupted cholesterol metabolism?$-3%-3¢ (Fig-
ure 2F, Table S4), which could impact membrane integrity
and mitochondrial dynamics. Additionally, defects in lipid
metabolism can disrupt 3-oxidation, an essential mitochon-
drial process for ATP production, potentially worsening the
metabolic vulnerability observed in SNCA 3x ENLs. Across
all glial subclusters, NUPRI, PRKCD, and PLK3 were down-
regulated, suggesting impaired oxidative stress response®’-°
(Figure 2F, Table S4). Conversely, subclusters 0, 12, and
4 exhibited upregulation of oxidative phosphorylation genes
MT-CO2, MT-CO3, MT-ND4, pointing to a potential com-
pensatory increase in mitochondrial respiration*® (Figure 2F,
Table S4).

Compositional analysis correlated with differential expres-
sion analysis findings (Figures 2C, 2G). The reduced abun-
dance of neuronal subcluster 8 (Figure 2C) in SNCA 3x,
combined with the upregulation of stress-adaptive and mito-
chondrial biogenesis genes (BNIP3, TFAM, TXNIP) (Figure
2B, Table S4), suggests selective vulnerability of this subpop-
ulation towards stress. In SNCA 3x glia, subcluster O showed
increased abundance (Figure 2G), in conjunction with upreg-
ulated oxidative phosphorylation genes (MT-CO2, MT-CO3,
MT-ND4) (Figure 2F, table S4). On the contrary, depleted
subclusters 3 and 12 (Figure 2G) were enriched for genes as-
sociated with the regulation of cell junctions and mRNA pro-
cessing (Figure 2H, Table S5), processes essential for main-
taining cellular homeostasis under stress.

These data suggest that SNCA 3x disrupts mitochondrial
homeostasis in enteric neurons and glia at the transcrip-
tional level, altering subpopulation dynamics and inducing
metabolic stress-driven vulnerability.

SNCA 3x drives basal mitochondrial dysfunction and alters
enteric neuron-glia communication in iPSC-ENLs
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Figure 3. SNCA 3x drives basal mitochondrial dysfunction and alters
enteric neuron-glia communication in iPSC-ENLs

(A)Representative panels of TOM20 immunostaining (left) and the mito-
chondrial mask created with the Mitochondria Analyzer plugin for FIJI. Up-
per panels represent Iso and bottom panels SNCA 3x ENLs. Cells were ana-
lyzed on day 70 after start of differentiation. (B) Quantification of mitochon-
drial count, area, number of branches and branch junctions in iPSC-ENLs
calculated with the Mitochondria Analyzer plugin for FIJI. All data were
normalized to the number of cell nuclei per image, calculated using DAPI
staining in CellProfiler. At least 3 individual images per line were averaged,
being the data representative of n=3 biological replicates per group, mean
+ SEM, p-values calculated by unpaired two-tailed Student’s t-test. (C and
D) Expression of mitochondrial-linked genes in SNCA 3x vs. Iso enteric
neurons (C) and glia (D) along pseudotime. Gene expression values were
modeled using linear regression across pseudotime, with FDR correction for
multiple comparisons. (E and F) Metabolic flux analysis of mitochondrial
function in SNCA 3x vs Iso enteric neurons (E) and glia (F). We calculated
the logarithm of the Wilcoxon adjusted p-value to filter reaction differences.
A threshold of 1.3 (corresponding to an adjusted p-value of 0.05) was used
to identify significant reactions.

Given the extensive transcriptional changes in mitochondrial-
linked genes and the enrichment of metabolic pathways in
SNCA 3x enteric neurons and glia (Figure 2) and their rele-
vance to PD"7, we wanted to validate the findings by ana-
lyzing different aspects of mitochondrial morphology. Using
TOM?20 immunostaining and automated image analysis, we
assessed several mitochondrial parameters (Figures 3A, 3B).
Interestingly, our data detected a significant decrease in mito-
chondrial count and area per cell in SNCA 3x ENLs (Figure
3B), suggestive of mitochondrial stress and mitophagy. Ad-
ditionally, the number of branches and the branch junctions
per cell were also significantly decreased in SNCA 3x ENLs
(Figure 3B), indicating shortening of the mitochondrial net-
work, which is a classical feature of mitochondrial fission.

Next, we analyzed mitochondrial-linked gene expression
along pseudotime (Figures 3C, 3D), using Slingshot*!. Our
results revealed that in SNCA 3x enteric neurons, genes con-
trolling oxidative phosphorylation*’, ATP production*’ and
mitochondrial biogenesis*> were downregulated (ATPSFIB,
COX411, NDUFA9, PPARGCIA), while those controlling
mitophagy*® (PINKI) and fission** (DNMIL) were upreg-
ulated (Figure 3C). Conversely, in glial cells, ATP5FIB,
COX411, and NDUFA9 were upregulated along with PINKI
and DNMIL, whereas PPARGCIA showed a transient peak
before downregulation (Figure 3D). Complementarily, we
performed a metabolic flux analysis focusing on mitochon-
drial function, which suggested an upregulation of Oxalosuc-
cinate:NADP+ oxidoreductase in both SNCA 3x enteric neu-
rons (Figure 3E) and glia (Figure 3F), indicating a shift to-
ward NADPH production and highlighting potential compen-
satory metabolic adaptations to mitochondrial dysfunction.

Using the scRNAseq data, we built on the previous analyzes
and explored how SNCA 3x affects cellular communication
and signaling in iPSC-ENLs using CellChat* (Figures S1F-
H, Figures S3C-H, Table S6). In enteric neurons, SNCA
3x reduced pathway interactions, particularly those linked
to mitochondrial protection and energy metabolism, such
as EGF*®, and shifted signaling toward NOTCH?’, which
is linked to mitochondrial stress and inflammation (Figures
S3C-E, Table S6). In contrast, SNCA 3x glial cells showed

Ghirotto etal. | TNF-a drives ENS metabolic rewiring in PD

increased associations with pathways involved in mitochon-
drial repair and energy production, including EGF (Figures
S3F-H, Table S6). This suggests that SNCA 3x enteric
glial cells compensate for neuronal stress by enhancing mi-
tochondrial support. Pathways like GDF*, CypA*°, and
WNT signaling further emphasize mitochondrial dysfunc-
tion in SNCA 3x neurons and the glial response to buffer
this dysfunction through energy production and repair path-
ways (Figures S3C-H, Table S6). The findings highlight the
balance between neuroprotective and neurotoxic mechanisms
driven by increased a-syn, with glial cells playing a key com-
pensatory role.

Together, these results establish basal mitochondrial dysfunc-
tion as a central feature of o-syn pathology in the ENS, char-
acterized by structural, transcriptional, and metabolic alter-
ations that reshape enteric neuron-glia interactions. These
changes set the stage for further metabolic and functional im-
pairments under inflammatory conditions, as explored in the
following section.

TNF-o uncovers genotype-specific a-syn accumulation and
synaptic dysfunction in SNCA 3x ENLs

The ENS, as a vital component of the intestinal mi-
croenvironment, plays a role in coordinating local immune
responses®!, besides other functions. Cytokines, as key reg-
ulators of immune signaling, mediate both physiological and
pathological processes within the ENS>!,

Our scRNAseq data revealed that SNCA 3x alters bio-
logical pathways and intercellular communication. Ad-
ditional ligand-receptor pair analysis identified activated
inflammatory pairs (e.g., ednl-ednrb>?, crlfl-lifr’®) and
repressed synapse-regulating pairs (e.g., nlgnl-nrxn3>*,
nxphl-nrxn1>®) (Figure 4A) in SNCA 3x ENLs. This
prompted us to investigate the impact of various cytokines
(TNF-a, IL-10, IL-23, IL-17) — relevant both to PD and reg-
ulation of mucosal immunity'-! - on a-syn biology and neu-
ronal function in iPSC -ENLs. Cytokine treatments revealed
a genotype-dependent effect, as only TNF-a significantly in-
creased total a-syn levels in SNCA 3x ENLs compared to
TNF-a-treated Iso controls, without affecting cell viability
(Figures 4B-D). Dot blot analysis further confirmed higher
a-syn levels in TNF-o-treated SNCA 3x ENLs compared to
TNF-a-treated Iso ENLs (Figure S4A). However, there was
no significant difference between SNCA 3x ENLs at baseline
and TNF-a-treated SNCA 3x ENLs, indicating that the geno-
type itself determines a-syn elevation, with TNF-a further
exacerbating this difference relative to controls. Given pre-
vious reports of a-syn aggregates in the gut of PD patients®,
we assessed its solubility using sarkosyl fractionation®®. o-
syn signal was detected in the pellet fractions of SNCA 3x
ENLs, but no significant differences were observed between
Iso and SNCA 3x under basal conditions or following TNF-
o stimulation (Figure S4B). We investigated further potential
changes using ELISA, which revealed a modest increase in
aggregated o-syn in SNCA 3x ENLs upon TNF-a stimulation
(Figure 4E). Cytokine array showed no significant changes in
cytokine production between groups upon TNF-a treatment
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Figure 4. TNF-a uncovers genotype-specific «-syn accumulation and
synaptic dysfunction in SNCA 3x ENLs

(A) Ligand-Receptor pair analysis of the scRNAseq data prior to subcluster-
ing. This plot depicts pairs that show both a large mean change as well as a
large variance in the population (purple). Cells that don’t make the variance
cut-off of 0.3 are shown in orange. Cells that don’t make the mean cut-off
of 0.3 are shown in grey. (B) Experimental paradigm showing the stim-
ulation of iPSC-ENLs with different cytokines. Generated using BioRen-
der. (C) ELISA of total a-syn (Abcam, cat:ab260052) measured intracel-
lularly in iPSC-ENLs, normalized by total protein. n=3 biological repli-
cates per group, mean + SEM, *p<0.05 by two-way ANOVA with Sidak
post-hoc. Basal refers to cells treated with vehicle used to dilute the cy-
tokines (DPBS+0.1% BSA). (D) Flow cytometry analysis of the percent-
age of live cells using Live/Dead staining. n=3 biological replicates per
group, mean + SEM. Basal refers to cells treated with vehicle used to di-
lute the TNF-o. (DPBS+0.1% BSA). (E) ELISA of aggregated a-syn (Biole-
gend, cat:448807) quantified intracellularly in iPSC-ENLs, normalized by
total protein. n=3 biological replicates per group, mean + SEM, *p<0.05
by two-way ANOVA with Sidak post-hoc. Basal refers to cells treated with
vehicle used to dilute the TNF-a (DPBS+0.1% BSA). (F) Human cytokine
array quantification of the supernatants of iPSC-ENLs previously stimulated
for 24h with 100 ng/ml TNF-a. Data represent the mean of n=3 biologi-
cal replicates per group. (G) Experimental paradigm for the MEA experi-
ments. Generated using BioRender. (H and I) Quantification of the number
of spikes (H) and number of active electrodes (I) generated from the MEA
data, n=wells of a CytoView MEA 48-well plate, representative of 3 bio-
logical replicates per group, mean + SEM, *p<0.05, **p<0.01 by two-way
ANOVA with Sidak post-hoc.

(Figure 4F), which were also not detected at the gene expres-
sion level (data not shown). This suggests that SNCA 3x
ENLs exhibit an intrinsic susceptibility to TNF-o, with selec-
tive a-syn increase occurring independently of the induction
of a broad inflammatory response.

Finally, to assess how TNF-a impacts enteric neuronal func-
tion over the time, we performed a functional electrophys-
iology assay to measure neuronal activity using the Multi-
electrode array (MEA) platform (Figure 4G). Interestingly,
while the Iso ENLs reacted to TNF-o treatment by increasing
the number of spikes and active electrodes over time, SNCA
3x ENLs showed no response (Figures 4H-I). There was a
significant difference between groups after 24h and 48h of
TNF- o exposure in number of spikes (Figure 4H) and active
electrodes (Figure 4I), respectively. No differences were ob-
served between groups regarding weighted mean firing rate
measurements (Figure S4C).

These findings suggest that SNCA 3x ENLs exhibit an im-
paired capacity to modulate their neuronal activity in re-
sponse to TNF-a. This functional deficit, coupled with selec-
tive a-syn increase, further supports an intrinsic vulnerability
of SNCA 3x ENLs to inflammatory stress, reinforcing a link
between a-syn accumulation and synaptic dysfunction in the
ENS.

TNF-o rewires the metabolism of SNCA 3x ENLs by dis-

rupting the malate-aspartate shuttle and impairing TCA cy-
cle flux

Ghirotto etal. | TNF-a drives ENS metabolic rewiring in PD

Building on the links between o-syn and mitochondrial dys-
function identified in our scRNAseq data, we used multi-
omics analyses to examine the impact of TNF-o on the iPSC-
ENL proteome and metabolome (Figure SA).

Data independent acquisition (DIA)-based shotgun pro-
teomics coupled to label-free quantification was used to
quantify the proteomes of Iso and SNCA 3x ENLs in a basal
level and upon TNF-a stimulation. When these proteomes
were compared (Figures 5B-C and Table S7), differentially
expressed proteins (DEPs) were identified. The effect of
SNCA 3x (Iso versus SNCA 3x, basal) resulted in the most
robust proteomic alteration with 116 DEPs. This indicates
a strong effect of a-syn in the proteome of iPSCs cells. In-
terestingly, only one DEP was identified when Iso cells were
treated with TNF-o while 67 DEPs were identified in SNCA
3x cells upon TNF-a treatment (Table S7). This strongly sug-
gests that a-syn sensitizes iPSCs-ENLs to cytokines, in line
with the strong contribution of a-syn in SNCA 3x cells. Gene
Ontology Molecular Function analyses revealed a significant
enrichment in synaptic functions, including SNAP receptor
and SNARE binding in basal SNCA 3x ENLs, suggesting
neurotransmitter release and vesicle trafficking alterations®’
(Figure 5D, Table S8). TNF-a exposure shifted the pro-
file toward oxidative stress and mitochondrial dysfunction,
marked by increased peroxidase, antioxidant, and oxygen
transport functions, indicating impaired mitochondrial respi-
ration (Figure 5D, Table S8). This progression from synaptic
dysfunction to metabolic disruption underscores the impact
of inflammatory stress.

LC-Orbitrap-MS metabolomics revealed reductions in aspar-
tate, glutamate, malate and glutamine levels in SNCA 3x
ENLs treated with TNF-o, suggesting malate-aspartate shut-
tle (MAS) impairment, a key process for tricarboxylic acid
(TCA) cycle flux and mitochondrial redox balance>® (Figure
5E, Table S9). Accordingly, nicotinamide and NAD* lev-
els were significantly reduced in these cells, with no changes
in NADH levels, suggesting altered NAD* homeostasis, po-
tentially due to impaired regeneration or increased utiliza-
tion in response to metabolic stress (Figure 5E, Table S9).
Metabolite-set enrichment analysis on the differentially ex-
pressed metabolites (DEMs) (Table S9) confirmed MAS as a
top affected pathway (Figure SF), supporting inflammation-
driven metabolic reprogramming.

Proteomics further identified downregulation of aspartate
aminotransferase (AATC) in TNF-a-treated SNCA 3x ENLs
(Figure 5G), reinforcing MAS suppression and disrupted
cytosol-mitochondria metabolic exchange. Protein-protein
interaction (PPI) analysis interconnected neuroinflammatory
pathways, including NF-xB activation and glutaminergic
receptor signaling with mitochondrial dysfunction (Figure
5H). Integrated pathway analysis linked TNF-o exposure
to extracellular matrix receptor interactions and glutamate
metabolism (Figure 51).

These findings demonstrate that TNF-a disrupts metabolic
homeostasis in SNCA 3x ENLs by impairing MAS and the
TCA cycle, leading to mitochondrial dysfunction.
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Figure 5. TNF-a rewires the metabolism of SNCA 3x ENLs by
disrupting the malate-aspartate shuttle and impairing TCA cycle flux

(A)Experimental paradigm of the proteomics and metabolomics experi-
ments. Proteomics data included both basal and TNF-a-stimulated iPSC-
ENLs whereas metabolomics data consisted only of TNF-a-stimulated cells.
Generated using BioRender. (B) Venn diagram showing the differentially
expressed proteins (FC>1.75 and p<0.05) between 4 different comparisons:
SNCA 3x vs Iso in a basal level (yellow), SNCA 3x vs Iso treated with
TNF-a (green), SNCA 3x treated vs basal (red), Iso treated vs basal (blue).
p-values were calculated using a linear model and empirical Bayes modera-
tion (limma). See table S7. Basal refers to cells treated with vehicle used to
dilute the TNF-o. (DPBS+0.1% BSA). (C) Volcano plots highlighting pro-
teins obtained as in (B) for two comparisons: SNCA 3x vs Iso in a basal
level and SNCA 3x vs Iso treated with TNF-a. Basal refers to cells treated
with vehicle used to dilute the TNF-o (DPBS+0.1% BSA). (D) Molecular
function enrichment analysis of the comparisons highlighted in (C). See ta-
ble S8. Basal refers to cells treated with vehicle used to dilute the TNF-a
(DPBS+0.1% BSA). (E) Quantification of intracellular metabolites in iPSC-
ENLs treated with TNF-o. p-values were calculated by performing a scaling
of the data to consider the donor effect. n=3 biological replicates per group,
mean = SEM, *p<0.05, **p<0.01 by unpaired two-tailed Student’s t-test.
(F) Metabolite set enrichment analysis on annotated compounds found by
metabolomics analysis. See table S9. (G) Quantification of cytosolic as-
partate aminotransferase (AATC) from the proteomics data. n=3 biological
replicates per group, mean + SEM, *p<0.05. p-values were calculated us-
ing a linear model and empirical Bayes moderation (limma). Basal refers to
cells treated with vehicle used to dilute the TNF-o (DPBS+0.1% BSA). Be-
low the graph is a metabolic map for an integrated visualization of the MAS,
TCA cycle and glutamine metabolism. OAA=oxaloacetate, Asp=aspartate,
Gln=glutamine, Glu=glutamate, «KG= a-ketoglutarate, GLS=glutaminase,
GLUD1=glutamate dehydrogenase, AATM=mitochondrial aspartate amino-
transferase. AATC is highlighted in red. (H) Protein-protein interaction
network generated used Ingenuity Pathway Analysis by merging the net-
works of the following comparisons: SNCA 3x vs Iso -TNF-a treated vs
basal. Colored nodes highlight the TNF-o induced effects. (I) Integrated
pathway analysis generated by merging the differentially expressed proteins
and metabolites from the comparison SNCA 3x vs Iso treated with TNF-o.

TNF-o increases o-syn-mitochondria interactions and in-
duces oxidative stress in SNCA 3x ENLs

Given that a-syn is known to bind to mitochondria and that
mitochondrial dysfunction can promote protein aggregation
and oxidative stress®”, we next investigated whether these
metabolic alterations observed at a basal level (Figure 3) and
with TNF-a treatment (Figure 5) contribute to mitochondrial
a-syn accumulation and oxidative stress using several tech-
niques (Figure 6A). Proximity Ligation Assay (PLA) of o-
syn and TOM20 confirmed increased a-syn-mitochondria in-
teractions in SNCA 3x ENLs, which were further amplified
by TNF-a stimulation (Figures 6B-C). Next, we successfully
isolated the mitochondria of iPSC-ENLs, as indicated by a
strong and uniform TOM20 immunostaining across all sam-
ples (Figure 6D). Subsequently, we used ELISA to measure
the total a-syn levels in the mitochondrial and cytosolic frac-
tions. We observed that even at basal conditions, a-syn lev-
els are significantly increased in the mitochondria of SNCA
3x ENLs. The same trend was observed following TNF-o

Ghirotto etal. | TNF-a drives ENS metabolic rewiring in PD

stimulation, although not significant (Figure 6E). Finally, to
investigate whether TNF-a could also increase mitochondrial
stress, we analyzed superoxide production using flow cytom-
etry of MitoSox. We observed that upon stimulation, su-
peroxide levels were significantly higher in SNCA 3x ENLs
(Figure 6F).

These findings establish a direct link between TNF-a-
induced metabolic reprogramming and mitochondrial pathol-
ogy, where increased oxidative stress and enhanced o-syn-
mitochondria interactions may contribute to impaired mito-
chondrial function and bioenergetic deficits, further worsen-
ing neuronal dysfunction in SNCA 3x ENLs.

TNF-o. increases the reliance of SNCA 3x ENLs on glu-
tamine oxidation, which is rescued by CSB6 treatment
Next, we investigated o-syn-mitochondria interactions in
iPSC-ENLs by assessing mitochondrial function follow-
ing TNF-o stimulation using Seahorse and flow cytome-
try assays. We also tested the potential of the glutamate
metabolism modulator, CSB6, to restore mitochondrial func-
tion in our model (Figure 7A).

We measured mitochondrial oxidative phosphorylation (OX-
PHOS) using the Seahorse mitostress assay: TNF-o-treated
SNCA 3x ENLs exhibited reduced mitochondrial respiration,
particularly in ATP-linked oxygen consumption rate (OCR),
linking TNF-a to impaired mitochondrial metabolism and en-
ergy production (Figures 7B-C). CSB6 treatment fully re-
stored mitochondrial capacity, significantly increasing basal,
maximal, ATP-linked, and proton-leak OCR beyond baseline
levels (Figures 7B-C). Notably, CSB6 selectively induced
proton-leak OCR in SNCA 3x ENLs, suggesting a protective
role via enhanced electron transport chain efficiency.

To determine metabolic substrate dependency, we performed
a Seahorse Mitofuel assay, an analytical method for mea-
suring mitochondrial fuel oxidation in live cells. Here, the
oxidation of glucose, glutamine, and fatty acids is measured
independently through the use of specific inhibitors (Figure
7D). TNF-o-treated SNCA 3x ENLs showed a significant in-
crease in glutamine oxidation dependency (Figure 7E), con-
sistent with the observed MAS impairment (Figure 5). CSB6
treatment not only rescued this TNF-a-induced glutamine re-
liance (Figure 7E), but also promoted a metabolic shift to-
ward fatty acid oxidation (Figure 7F), suggesting enhanced
mitochondrial substrate flexibility.

Lastly, to assess functional mitochondrial integrity, we
performed flow cytometry analysis using MitoTracker
dyes (Figures 7G-H). TNF-a-treated SNCA 3x ENLs dis-
played a trend toward increased dysfunctional mitochondria
(MitoGreen*/MitoDeepRed!®"), suggesting a loss of mito-
chondrial membrane potential. Importantly, CSB6 treatment
rescued this phenotype, significantly decreasing the dysfunc-
tional mitochondrial population and restoring mitochondrial
health in SNCA 3x ENLs (Figures 7G-H).

In summary, our findings demonstrate that TNF-a repro-
grams metabolism in SNCA 3x ENLs by impairing MAS,
reducing TCA cycle flux, and shifting mitochondrial depen-
dency toward glutamine oxidation as a compensatory mech-
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Figure 6. TNF-u increases a-syn-mitochondria interactions and induces
oxidative stress in SNCA 3x ENLs

(A)Paradigm describing the PLA, mitochondrial isolation and measurement
of mitochondrial ROS experiments. Generated using BioRender. (B) As-
sessment of PLA results using immunocytochemistry. Panels are separated
in basal and TNF-a stimulated for both Iso and SNCA 3x groups. Panels
show the nuclear marker DAPI (blue), the mitochondrial marker TOM20
(gray), a-syn (green) and PLA dots for TOM20-a-syn (red). Basal refers to
cells treated with vehicle used to dilute the TNF-o (DPBS+0.1% BSA). (C)
Quantification of the PLA dots in the cytoplasm. n= 3 biological replicates
per group, with number of total individual cells analyzed per condition in-
dicated in the figure, mean + SEM, **p<0.01, ****p<0.0001, by one-way
ANOVA with Tukey’s post-hoc. Basal refers to cells treated with vehicle
used to dilute the TNF-o (DPBS+0.1% BSA). (D)Western-blotting anal-
ysis for characterization of the mitochondrial isolation protocol using the
beta-tubulin III and TOM20 markers for cytosol and mitochondria, respec-
tively. Basal refers to cells treated with vehicle used to dilute the TNF-o
(DPBS+0.1% BSA). (E) ELISA of total a-syn quantified in the mitochon-
drial isolates of iPSC-ENLs, normalized by total protein. n=3 biological
replicates per group, mean + SEM, *p<0.05 by two-way ANOVA with Sidak
post-hoc. Basal refers to cells treated with vehicle used to dilute the TNF-o
(DPBS+0.1% BSA). (F) Flow cytometry analysis of the percentage and me-
dian fluorescence intensity (MFI) of superoxide producing cells in TNF-a
treated ENLs using MitoSox staining. n=3 biological replicates per group,
mean *+ SEM, *p<0.05 by unpaired two-tailed Student’s t-test

anism. This metabolic stress is linked to increased mitochon-
drial a-syn accumulation, oxidative stress, and loss of mito-
chondrial membrane potential. CSB6 counteracts these TNF-
a-driven alterations by restoring mitochondrial respiration,
reducing glutamine dependency, enhancing substrate flexi-
bility, and preventing mitochondrial dysfunction. The results
identify a TNF-a-induced metabolic vulnerability in SNCA
3x ENLs and highlight CSB6 as a potential therapeutic inter-
vention targeting mitochondrial function.

Discussion

In this study, we employed a multiomics approach integrat-
ing single-cell transcriptomics, proteomics, metabolomics,
and functional assays to gain a comprehensive understand-
ing of a-syn-induced dysfunction in the human ENS, some-
thing that has been challenging to achieve with previous
methodologies®®®!. Our findings reveal that o-syn increases
susceptibility of iPSC-derived ENLs to TNF-a, leading to
mitochondrial dysfunction and metabolic reprogramming,
characterized by a disruption in MAS and the TCA cy-
cle, forcing ENLs to rely on glutamine oxidation for en-
ergy production. These data demonstrate that a-syn accu-
mulation in ENLs drives vulnerability in the ENS through
this inflammatory-metabolic crosstalk. Notably, targeting
glutamate metabolism with CSB6 restored mitochondrial
metabolism, highlighting a potential therapeutic approach for
early PD-related ENS dysfunction.

Our scRNAseq analysis revealed that SNCA 3x induces mi-
tochondrial dysfunction at the transcriptional level, affecting
both enteric neuron and glia subpopulations. Neuronal sub-
clusters exhibited significant downregulation of ATP5FIB

Ghirotto etal. | TNF-a drives ENS metabolic rewiring in PD

and COX411, genes essential for ATP synthase function and
cytochrome ¢ oxidase activity*®, respectively, suggesting
compromised OXPHOS capacity. In parallel, upregulation of
PINKI and DNMIL indicates a shift toward mitophagy** and
mitochondrial fission**, processes associated with mitochon-
drial network fragmentation under stress. The TOM20 analy-
sis further supports these findings, showing a reduction in mi-
tochondrial count and area, reinforcing that SNCA 3x ENLs
undergo structural mitochondrial remodeling in response to
a-syn-induced metabolic stress®?. In contrast, enteric glial
cells showed a transient upregulation of mitochondrial bio-
genesis genes, alongside enhanced levels of OXPHOS-linked
genes (ATP5FIB, COX411, NDUFA9). These alterations po-
tentially provide metabolic support to stressed neurons, in-
dicating a compensatory response aimed at buffering mito-
chondrial dysfunction. Together, these findings demonstrate
that at basal levels, a-syn accumulation induces metabolic
disruptions in enteric neurons, whereas enteric glia activate
compensatory mechanisms to support neuronal function, re-
capitulating the previously described increase in neuron-glia
crosstalk observed as a response to a-syn toxicity®>. In line
with this, most of our enteric glial cells corresponded to the
Glial subtype described by Drokhlyansky et al.?®, associated
with GDNF signaling, which has been suggested as a com-
pensatory mechanism in early PD pathology®*.

In our iPSC-ENL model, we detected that TNF-ot unmasked
genotype-specific a-syn accumulation in SNCA 3x ENLs,
despite not significantly changing the immunoreactivity of
the cells. Interestingly, differences in a-syn aggregation were
only detectable using highly sensitive ELISA assays, sug-
gesting that our model represents a pre-aggregation stage.
In contrast to classical CNS models?*, the presence of en-
teric glial cells in ENLs suggests the activation of compen-
satory mechanisms that may help buffer excessive a-syn ag-
gregate formation. Additionally, o-syn was previously de-
scribed primarily in its monomeric form in the ENS, indi-
cating that the native state of the protein differs from what
is observed in the CNS®, Notably, TNF-a levels are ele-
vated in the serum of PD patients and correlate with disease
progression®®-%7. Moreover, TNF-o. is synthesized by intesti-
nal epithelial cells®, suggesting that it can locally impact gut
inflammation and enhance o-syn accumulation in the ENS.
A compelling link between intestinal TNF-o and PD patho-
physiology comes from studies showing that treatment with
gold-standard anti-TNF therapies in IBD patients reduced PD
risk by nearly 80%%. Although TNF-« did not exert major
effects in terms of neuronal activity, our MEA data suggested
a strong basal synaptic dysfunction phenotype in SNCA 3x
ENLs, an important observation given that over 80% of PD
patients experience constipation, which can be directly asso-
ciated with ENS activity dysfunction’®.

Our multiomics analysis not only validated the scRNAseq
findings but also provided deeper insights into a TNF-a-
induced metabolic rewiring in SNCA 3x ENLs, bringing im-
portant novel insights into metabolic vulnerability in the ENS
in the context of early PD. Using proteomics, we observed
that increased a-syn impacted neuronal function, in line with
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Figure 7. TNF-o increases the reliance of SNCA 3x ENLs on glutamine
oxidation, which is rescued by CSB6 treatment

(A)Paradigm of the functional experiments using seahorse and mitotracker
assays. iPSC-ENLs were treated with CSB6 for 24h, then the medium was
replaced by one containing TNF-o for further 24h. Generated using BioRen-
der. (B) Mitostress assay. Curves showing the overall OCR for Iso and
SNCA 3x ENLs with the different treatments specified. Oligo: Oligomycin;
CCCP: carbonyl cyanide m-chlorophenylhydrazone; AA+Rot — antimycin-
A plus Rotenone. Basal refers to cells treated with vehicle used to dilute the
TNF-o and CSB6 (DPBS+0.1% BSA). (C) Quantification of basal, maximal,
ATP-linked and proton leak OCR from the measurements seen in (B). Data
was normalized to total protein. n=3 biological replicates per group, mean +
SEM, #p<0.05, **p<0.01, ***p<0.001, by two-way ANOVA with Tukey’s
post-hoc. Dots represent the average for each cell line of three independent
experiments. Basal refers to cells treated with vehicle used to dilute the
TNF-o and CSB6 (DPBS+0.1% BSA). (D)Experimental paradigm illustrat-
ing the Seahorse mitofuel assay. BPTES= Bis-2-(5-phenylacetamido-1,3,4-
thiadiazol-2-yl)ethyl sulfide, ETO=etomoxir. Generated using BioRender.
(E and F) OCR curves and quantification of the glutamine (E) and fatty
acid (F) dependency analysis. n=3 biological replicates per group, mean *
SEM, *p<0.05 by two-way ANOVA with Sidak post-hoc. Basal refers to
cells treated with vehicle used to dilute the TNF-o and CSB6 (DPBS+0.1%
BSA). (G and H) Flow cytometry analysis of mitochondrial function us-
ing Mitotracker probes in Iso and SNCA 3x ENLs with the different treat-
ments specified (G) and quantification of functional and dysfunctional mito-
chondria (H). n=3 biological replicates per group, mean + SEM, *p<0.05 by
two-way ANOVA with Tukey’s post-hoc. Basal refers to cells treated with
vehicle used to dilute the TNF-oo and CSB6 (DPBS+0.1% BSA).

the previously mentioned transcriptomics signatures as well
as the neuronal activity data. This is also in line with recent
findings using cortical organoids’!. The addition of TNF-
o highlighted oxidative stress and mitochondrial dysfunction
as a response to inflammation-driven o-syn toxicity. Addi-
tionally, using metabolomics, we uncovered a hypometabolic
state in SNCA 3x ENLs, characterized by a major downregu-
lation in metabolites related to TCA and MAS. In particular,
we found reduced NAD* levels, with NADH remaining unal-
tered, suggesting impaired NAD* regeneration under inflam-
matory stress, as observed in PD and other neurodegenerative
diseases’?7*. Given that NAD" is a critical cofactor for TCA
cycle enzymes such as malate dehydrogenase and its role
in electron transport chain function, its depletion could di-
rectly impair mitochondrial substrate oxidation and ATP pro-
duction. The failure to replenish NAD* pools impairs mito-
chondrial respiration, likely through disruptions in the MAS,
which facilitates the transfer of cytosolic NADH into mito-
chondria to maintain redox balance and sustain OXPHOS.
These findings align well with a previous study using iPSC-
derived neuronal models of sporadic PD’>, which also high-
lighted cellular metabolic disruption as a clear phenotype. In-
terestingly, in line with our proteomics data, expression of the
GOT1I gene, coding for AATC, was lower in the brain of PD
patients compared to controls’®. Also corroborating these re-
sults, a study using a mouse model for prodromal PD showed
that TCA dysfunction influences the onset and progression
of a-syn pathology’’. Therefore, our findings emphasize the

Ghirotto etal. | TNF-a drives ENS metabolic rewiring in PD

inflammatory-driven metabolic reprogramming in SNCA 3x
ENLs, pointing to the interplay of inflammation, mitochon-
drial dysfunction, and MAS/TCA cycle disruption in enteric
a-synucleinopathies.

Deepening into the mechanism, our data indicated that al-
ready at basal levels, there is an increased interaction between
a-syn and mitochondria in SNCA 3x ENLs, in line with pre-
vious findings’®, which is further enhanced by the addition
of TNF-a in the system. Additionally, TNF-o increased mi-
tochondrial superoxide production in SNCA 3x ENLs, re-
inforcing the role of inflammation in promoting mitochon-
drial dysfunction’®. We also observed that TNF-o has a gen-
eral pattern of disrupting mitochondrial function, although no
significant differences were noticed between Iso and SNCA
3x groups. Nevertheless, more specific analyses allowed
us to uncover a mechanistic effect of TNF-a on rewiring
the metabolic profile of SNCA 3x ENLs towards glutamine
oxidation, characterizing an activation of anaplerotic path-
ways that are used to fuel cellular metabolism under stress
conditions®®. This can be explained by the observed MAS
dysfunction, which limits aspartate availability for transam-
ination reactions, ultimately restricting metabolic flexibility
and forcing SNCA 3x ENLs to rely on glutamine oxidation
to sustain TCA cycle activity. Finally, using our scRNAseq
as reference, we predicted the compound CSB6, a vesicu-
lar glutamate transporter inhibitor that showed protective ef-
fects in previous studies with PD models®!, as a candidate
to rescue the phenotypes observed in SNCA 3x ENLs us-
ing a data-driven approach. Not only did CSB6 rescue the
TNF-a-driven dependency on glutamine oxidation in SNCA
3x ENLs, but it also promoted a metabolic shift towards fatty
acid oxidation, a more efficient pathway in terms of mito-
chondrial bioenergeticsgz, and increased overall mitochon-
drial function.

In conclusion, our findings indicate that o-syn accumulation
and TNF-o-induced inflammation synergize to drive ENS
dysfunction, supporting a dual-hit hypothesis for PD onset.
This interplay reinforces the ENS as an active player in PD
pathophysiology, shifting the paradigm from a passive recep-
tor of inflammatory signals to an initiator of metabolic dis-
ruption. Our iPSC-ENL model establishes a powerful plat-
form for investigating early-stage PD mechanisms and sug-
gests that targeting glutamate metabolism may offer a new
therapeutic perspective for ENS-related dysfunction in PD.

Limitations of the study

While the iPSC derived ENL broadly recapitulates the human ENS, the pres-
ence of mixed neuronal and glial cells in iPSC-ENLs makes it challenging
to separate mechanistic effects in a populational level. We tried to address
this by extensively analyzing our scRNAseq data. Additionally, it is very
difficult to obtain gut specimen from early PD patients that fully capture the
ENS extension. CSB6 is a compound that increased overall mitochondrial
function in our model and there is evidence for effectiveness coming from
other PD models®!. Thinking about clinical translation, CSB6 served as a
proof-of-concept in our study and previously approved compounds could
be repurposed to counteract the metabolic alterations observed in the iPSC-
ENLs in future approaches. Despite these limitations, our research provides
a solid basis for comprehending enteric neural vulnerability in PD and high-
lights metabolic interventions as promising early therapeutic strategies.
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Graphical summary

* SNCA 3x induces basal mitochondrial and synaptic dysfunction in
iPSC-ENLs

¢ TNF-a exacerbates mitochondrial a-syn interactions, disrupting the
malate-aspartate shuttle (MAS) and shifting metabolism toward glu-
tamine oxidation

¢ Metabolic disruption in SNCA 3x ENLs is linked to oxidative stress
and neuronal vulnerability under cytokine-induced stress

e CSB6 restores mitochondrial function and reverses TNF-o-driven
metabolic rewiring in SNCA 3x ENLs
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Methodology

iPSC generation, characterization and culture methods

iPSC reprogramming, generation of isogenic controls
B-lymphocytes containing a triplication in the SNCA gene
were obtained from the Coriell NINDS and NIGMS Hu-
man Genetic Cell Repositories: GM 15010 (3x-1), ND00196
(3x-2), ND00139 (3x-4, referred as 3x-3 throughout this pa-
per). Further phenotypic and genotypic details on these lines
and subjects are available on https://www.coriell.org under
the beforementioned accession numbers. Reprogramming
into iPSC was performed by transfection of B-lymphocytes
with episomal plasmids containing Oct3/4, L-Myc, Sox2 and
KIf4, as previously described?*. Isogenic controls were gen-
erated using a dual nickase CRISPR/Cas9 strategy to disrupt
exon 2 of the SNCA gene, fully characterized and validated
in a previous publication®*. Copy number variation and cell
karyotyping analyzes revealed absence of chromosomal ab-
normalities. Iso and SNCA 3x iPSC lines were generated
in the laboratory of Joseph R. Mazzulli (The Ken and Ruth
Davee Department of Neurology, Northwestern University
Feinberg School of Medicine, Chicago, IL 60611, USA) and
provided to this study by Friederike Zunke.

iPSC culture maintenance

iPSCs were cultured in Geltrex (Thermo Fisher)-coated 6-
well plates with Essential 8 Flex medium (Thermo Fisher),
maintained at 37°C and 5% CO2, with media change per-
formed every two days. For thawing, cryovials were warmed
in a 37°C water bath, and cells were resuspended in fresh
medium containing 10uM ROCK inhibitor (Y-27632 dihy-
drochloride, Tocris). Passaging occurred at 80%-90% conflu-
ency using ReLeSR (Stemcell technologies), with cells split
at a 1:2 or 1:3 ratio. Cells were routinely tested for my-
coplasma infection. For freezing, cells were detached with
ReLeSR and resuspended in a freezing medium containing
knockout serum replacement (KOSR, Thermo Fisher) + 10%
DMSO before storage at —150°C.

iPSC characterization

iPSCs were characterized using flow cytometry staining for
Nanog and Lin28A. iPSCs were initially treated with Ac-
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cutase (Gibco, USA), washed with 1x PBS, centrifuged
at 300g at room temperature for Smin and then resus-
pended in FC buffer (2% FCS, 0.01% sodium azide in
PBS). We then counted 500,000 cells per line and pro-
ceeded with fixation and permeabilization with 100ul BD
Fixation/Permeabilization Solution (BD Biosciences) for 10
minutes, followed by addition of 1ml BD Perm/Wash Buffer
(BD Biosciences), incubation for 5 minutes and centrifuga-
tion at 300g for 3min. For intracellular staining of iPSCs, we
used a combination of Nanog (cat: 130-120-704, Miltenyi)
and Lin28A (cat:563597, BD Biosciences) primary antibod-
ies (both 1:100) in BD Perm/Wash Buffer for 30 minutes,
followed by washing and resuspension in 300ul FACS buffer.
Cells were then acquired using a Cytoflex S cytometer (Beck-
man Coulter) and analyzed with the CytExpert 2.4 software.
At least 30,000 events per sample were analyzed.

Differentiation of iPSCs into ENLSs

The ENS differentiation protocol was adapted from Barber et
al.?2, using the novel chemically defined method. ENS in-
duction began on day 0 with a nearly confluent iPSC mono-
layer and continued for 12 days with stepwise culture transi-
tions. On day 0, Essential 8 medium (Thermo Fisher) was re-
placed with 2 ml of Cocktail A [Essential 6 medium (Thermo
Fisher), 10uM SB431542 (Miltenyi), 600nM CHIR99021
(Tocris), Ing/ml BMP4 (Peprotech), 100pg/mL normocin
(InvivoGen)], followed by a switch to Cocktail B [Essen-
tial 6 medium (Thermo Fisher), 10 uM SB431542, 1.5uM
CHIR99021, 100ug/mL normocin] on day 2, with media re-
newal on day 4. On day 6, Cocktail B was replaced with 4ml
of Cocktail C [Essential 6 medium (Thermo Fisher), 10uM
SB431542, 1.5uM CHIR99021, 1uM retinoic acid (Sigma),
100pg/mL normocin], with subsequent exchanges on days 8
and 10. On day 12, ENC spheroids were formed by detach-
ing the ENC monolayer using Accutase for 30 min at 37°C,
followed by centrifugation at 300g for 3 min, resuspension
in NC-C medium [Neurobasal medium (Thermo Fisher), 1x
N2 supplement (Thermo Fisher), 1x B27 supplement w/o
Vit. A (Thermo Fisher), 1x GlutaMax (Thermo Fisher),
1x MEM non-essential aminoacids (Thermo Fisher), 10
ng/ml FGF2 (Peprotech), 3 uM CHIR99021, 100pg/mL nor-
mocin], and transfer to ultra-low attachment (ULA) plates.
Spheroids formed within two days, with media replacement
using NC-C medium. On day 15, EN induction began, in-
volving dissociation of spheroids using Accutase, centrifu-
gation at 300g, and resuspension in EN-C medium [Neu-
robasal medium (Thermo Fisher), 1x N2 supplement, 1x
B27 supplement with Vit. A (Thermo Fisher), 1x Gluta-
Max, 1x MEM non-essential aminoacids, 100uM ascorbic
acid (Sigma), 10ng/ml GDNF (Peprotech), 100ug/mL nor-
mocin]. Cells were counted using a fluorescence cell counter
and seeded onto Geltrex-coated plates at 60,000 cells/cm?.

RNA extraction, cDNA synthesis and RT-qPCR

Reverse transcription-quantitative PCR (RT-qPCR) analysis
was performed starting with RNA extraction using Trizol (In-
vitrogen) and the RNeasy Mini Kit (Qiagen). Cells were ho-
mogenized in Trizol, followed by chloroform addition and

Ghirotto etal. | TNF-a drives ENS metabolic rewiring in PD

phase separation by centrifugation at 12000g, 4°C for 15 min.
The RNA-containing aqueous phase was collected, mixed
with 70% ethanol, and processed through RNeasy columns
with sequential washes using buffer RW1 and buffer RPE.
RNA was eluted with RNase-free water, its concentration
measured using the NanoPhotometer NP80 (Implen), and
stored at -80°C. For cDNA synthesis, the QuantiTect Reverse
Transcription Kit (Qiagen) was used, with 1000ng starting
RNA concentration per reaction. After DNA removal with
gDNA wipeout buffer, reverse transcription was carried out
at 42°C for 30 min, followed by inactivation at 95°C for 3
min, and storage at -20°C. RT-qPCR was performed in tripli-
cates for target genes (TUBB3, GFAP, PHOX2B, ELAVIA,
HOXB3), with HPRT and RPLPO as housekeeping genes.
Primer sequences used are listed in Table S1. A primer mix
(10 uM) was prepared, and 1 ul cDNA per sample was loaded
onto a 384-well plate. The qPCR master mix was added,
the plate was sealed, centrifuged, and run on the LightCy-
cler480 equipment (Roche). Ct values were analyzed using
the delta-delta Ct method, and fold change values were cal-
culated based on the expression values of the Iso group at day
6 of differentiation.

Immunocytochemistry

Cells were fixed on day 70 after start of differentiation using
4% paraformaldehyde (PFA) for 30 min at room temperature
(RT) (500 pl per well in an ibidi 24-well plate), washed three
times in DPBS, and stored at 4°C until staining. Permeabi-
lization was performed with 0.3% TritonX-100 (Sigma) in
DPBS (Thermo Fisher) for 10 min at RT, followed by block-
ing with 5% donkey serum in DPBS with 0.3% TritonX-
100 for 30 min. Cells were then incubated overnight at 4°C
with the primary antibodies (mouse anti-a-syn, Novus, cat:
NBP1-05194, 1:100; mouse anti-HuC/D, Thermo Fisher, cat:
A-21271, 1:200 and rabbit anti-GFAP, DAKO, cat: Z0334,
1:500). The following day, cells were washed, incubated
for 2 h at RT with secondary antibodies (AF488 anti-mouse;
AF647 anti-rabbit, Thermo Fisher, all 1:500), and counter-
stained with DAPI (1:5000 in DPBS) for 2 min. After final
washes, samples were mounted in Mowiol for long-term stor-
age at 4°C. Imaging was performed using the Super Resolu-
tion Evident SR Spinning Disk microscope (Olympus) and
the cellSens Software and processing was performed using
FIJI (ImagelJ).

Single cell RNA sequencing

Sample preparation and sequencing

On day 70 of differentiation, we obtained single cells
from iPSC-ENLs using a papain-DNAse digestion (cat:
LKO003150, Worthington) protocol. Cells were then cryop-
reserved in a medium containing 90% fetal bovine serum and
10% DMSO and sent out for library preparation and sequenc-
ing at GENEWIZ (Leipzig, Germany) with 6,000 cells tar-
geted per sample and 50,000 reads targeted per cell. RNA
samples were quantified using Qubit 4.0 Fluorometer (Life
Technologies, Carlsbad, CA, USA) and RNA integrity was
checked with RNA Kit on Agilent 5300 Fragment Analyzer
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(Agilent Technologies, Palo Alto, CA, USA).

rRNA depletion was performed using NEBNext rRNA De-
pletion Kit (Human/Mouse/Rat). RNA sequencing library
preparation used NEBNext Ultra RNA Library Prep Kit for
[lumina by following the manufacturer’s recommendations
(NEB, Ipswich, MA, USA). Briefly, enriched RNAs were
fragmented according to manufacturer’s instruction. First
strand and second strand cDNA were subsequently synthe-
sized. cDNA fragments were end repaired and adenylated
at 3’ends, and universal adapter was ligated to cDNA frag-
ments, followed by index addition and library enrichment
with limited cycle PCR. Sequencing libraries were validated
using NGS Kit on the Agilent 5300 Fragment Analyzer (Ag-
ilent Technologies, Palo Alto, CA, USA), and quantified by
using Qubit 4.0 Fluorometer (Invitrogen, Carlsbad, CA).
The sequencing libraries were multiplexed and loaded on the
flow cell on the Illumina NovaSeq X plus instrument accord-
ing to manufacturer’s instructions. The samples were se-
quenced using a 2x150 Pair-End (PE) configuration v1.5. Im-
age analysis and base calling were conducted by the NovaSeq
Control Software v1.7 on the NovaSeq instrument. Raw se-
quence data (.bcl files) generated from [llumina NovaSeq was
converted into fastq files and de-multiplexed using Illumina
bcl2fastq program version 2.20. One mismatch was allowed
for index sequence identification.

Initial processing, quality control, and clustering

The fastq files were processed using CellRanger (v7.1.0)
from 10X Genomics, with reads aligned to the GRCh38
genome assembly to generate gene counts per cell. Subse-
quent processing, analysis, and visualization were performed
in R (v4.3.3) using Seurat (v5.1.0). To ensure quality control,
outlier cells with < 200 genes, > 7500 reads or a mitochon-
drial percentage > 5% were filtered out. Potential doublets
were removed using scDblfinder. Following quality control,
batch effect across samples was mitigated using Seurat’s in-
tegration workflow. Data normalization was carried out using
the SCTransform algorithm. Features to use when integrating
multiple datasets were identified using SelectintegrationFea-
tures. Integration anchors computed using the FindIntegra-
tionAnchors function were subsequently used by the Inte-
grateData function to generate a batch-corrected, integrated
expression matrix. Principal component analysis (PCA) was
applied for dimensionality reduction. Clustering was sub-
sequently performed computing the shared nearest neighbor
(SNN; FindNeighbors, k = 20) and applying the graph-based
Leiden algorithm (FindClusters, resolution = 0.1) to deter-
mine the cell subtypes, followed by visualization with Uni-
form Manifold Approximation and Projection (UMAP). Ini-
tial annotation of the clusters was performed based on the
expression of canonical markers>>23.

Subclustering analysis

To further resolve cellular heterogeneity, subclustering was
performed on the enteric neurons and glia cell populations us-
ing Seurat (v5.1.0). Here, the enteric neurons and glial clus-
ters were extracted from the integrated Seurat object using the
subset function. Data normalization was conducted using the
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NormalizeData function, followed by identification of highly
variable features via FindVariableFeatures with the ‘vst’ se-
lection method. As in the previous analysis, the data was
scaled, and PCA-based dimensionality reduction was per-
formed. Clustering was carried out by computing the SNN
(FindNeighbors, k = 20) and applying the Leiden algorithm
(FindClusters, resolution 0.5). The processed objects were
saved in H5Seurat format using the SaveH5Seurat function.

Mapping of scRNAseq dataset to a reference dataset
Mapping of the scRNAseq dataset to the reference scR-
NAseq dataset from Drokhylansky et al.2® was performed us-
ing SingleR®? for cell-type annotation. The raw counts and
the corresponding cell-type annotations from the reference
dataset were converted to a SingleCellExperiment (SCE)
object and log-normalized using logNormCounts. Query
datasets of enteric neurons and glia were similarly trans-
formed into SCE objects and subsetted into isogenic and mu-
tant conditions. SingleR classification was conducted sepa-
rately for Iso and SNCA 3x samples to obtain cell-type pre-
dictions. Visualization included heatmaps of classification
scores (plotScoreHeatmap) and log-transformed assignment
frequencies (pheatmap::pheatmap), as well as score distribu-
tion plots (plotScoreDistribution).

Marker identification and enrichment analysis for the sub-
clusters

Using the FindMarkers function in Seurat, markers associ-
ated with the subcluster of the enteric neuronal and glial
populations were identified. The analysis was limited to
genes expressed in at least 25% of cells (min.pct = 0.25)
and exhibiting a minimum log fold-change (logFC) of 1.0
between groups. Only genes with an adjusted p-value <
0.05 were considered significant markers. Enrichment anal-
ysis was conducted using Gene Ontology (GO), KEGG, and
Reactome pathway databases using clusterProfiler (v4.10.1).
Enrichment terms with a Benjamini-Hochberg corrected p-
value< 0.05 were considered significant. Enrichment results
were visualized using ggplot2 or the sc.pl.dotplot function
from scanpy (v1.11).

Differential expression between conditions

Differential expression analysis between the SNCA 3x and
Iso conditions was performed using the FindMarkers func-
tion in Seurat, with a minimum of 25% cells expressing a
given gene (min.pct = 0.25) and a minimum absolute log
fold-change threshold of 1. Significant genes were selected
based on an adjusted p-value < 0.05, calculated using a
Wilcoxon Rank Sum test followed by Bonferroni correction.
We used ComplexHeatmap (v2.18.0) to display significant
mitochondria-related DEGs across the enteric neuron and
glia subclusters.

Compositional analysis

Compositional analysis was performed using the scPropor-
tionTest package®* (v0.0.0.9000), starting with the metadata
containing the subcluster and condition information for en-
teric neurons and glia. The sc_utils function was applied to
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process the metadata for both datasets, and permutation test-
ing was then conducted to evaluate whether the proportions
of cells in specific clusters differed significantly between the
two conditions (Iso vs. SNCA 3x). The analysis was run
with a false discovery rate (FDR) threshold of 0.05 and a log2
fold-change threshold of 1.0.

Intercellular communication analysis

Cell-cell communication analysis was performed using the
CellChat package™® (v2.1.2) to investigate signaling interac-
tions among proliferating cells, enteric neurons and glia, as
well as interactions within the subclusters of the latter two
populations. Data from both Iso and SNCA 3x conditions
were processed individually. For each condition, the dataset
was imported into a CellChat object, followed by standard
preprocessing steps including normalization and the identifi-
cation of overexpressed genes and receptors. Communication
probability and cellular communication network were then
inferred by calculating the probabilities of ligand—receptor
interactions based on cell-specific gene expression profiles.
Following network aggregation, a merged CellChat object
was generated to compare communication differences be-
tween Iso and SNCA 3x. Additionally, number of interac-
tions and interaction strength along with the top-ranked sig-
naling pathways were identified and plotted for visualization.

Pseudotime analysis of mitochondrial-linked genes
Trajectory analysis of enteric neurons and glia popula-
tions was conducted using Slingshot*' (v2.10.0). Lineages
and pseudotime trajectories were inferred with the sling-
shot function, specifying the root cluster based on entropy
analysis (TSCAN package v1.40.1). Mitochondrial marker
genes (DNMIL, COX411, ATP5F1B, NDUFA9, PPARGCIA,
PINK]I) were analyzed in enteric neurons and glia by assess-
ing their expression across pseudotime in Iso and SNCA 3x
conditions. Pseudotime values were extracted using sling-
Pseudotime(), averaged across lineages, and validated against
cell counts. Linear regression (Im(expression~pseudotime *
group)) was performed to assess interactions between pseu-
dotime and condition, followed by FDR correction of p-
values to analyze the statistical differences in mitochondrial
associated genes expression dynamics between conditions.

Metabolic flux analysis

We used COMPASS® (v0.9.10.2) to integrate scRNA-seq
data with flux balance analysis, inferring metabolic states in
SNCA 3x and Iso enteric neurons and glial cells to compare
their metabolic differences. Using a genome-scale metabolic
model (GSMM), COMPASS allowed us to integrate tran-
scriptomics data with metabolic network constraints to com-
pute "potential activity" scores for thousands of metabolic re-
actions across single cells. These scores quantify the degree
to which the transcriptomics profiles support flux through
specific metabolic reactions. We compared the estimated
Log2Fold changes of the metabolic reactions for specific
pathways and plotted the difference in Log2Fold values to
visualize the changes between reaction scores in SNCA 3x
vs. Iso cells. We computed the logarithm of the Wilcoxon
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adjusted p-value to filter reaction differences. A threshold
of 1.3 (corresponding to an adjusted p-value of 0.05) was
used to identify significant reactions, where values above this
threshold indicated evidence of differential activity between
groups.

ELISA for total and aggregated a-syn

ELISA was used to assess the intracellular levels of total and
aggregated a-syn in iPSC-ENLs. Protein was extracted with
the buffer provided by the a-syn ELISA kit (cat: ab260052,
Abcam) and quantified using BCA assay (Thermo Fisher) for
normalization of the data. We used 50mg/mL of extracted
protein for the total o-syn analysis and 300ug/mL for the ag-
gregated o-syn (cat: 448807, Biolegend) analyzes. Reactions
were performed according to the manufacturer’s instructions,
with data analyzed in triplicates.

Cell viability, Mitotracker and MitoSox assays

Cell viability, mitotracker and mitosox assays were per-
formed using flow cytometry. First, to analyze cell viabil-
ity we used LIVE/DEAD staining (0.2% in FACS buffer)
(Thermo Fisher). To analyze mitochondrial function, we
employed 100nM Mitotracker Green (Thermo Fisher) and
50nM Mitotracker Deep Red (Thermo Fisher) to assess per-
centages of functional and dysfunctional mitochondria in live
cells, as described®®. To assess superoxide production, we
employed 5uM MitoSox (Thermo Fisher). ENLs were ini-
tially treated with Accutase (Gibco, USA), washed with 1x
DPBS, centrifuged at 300g at room temperature for 5 min
and then resuspended in FC buffer (2% FCS, 0.01% sodium
azide in DPBS). We then counted 500,000 cells per line and
proceeded with staining with the probes for 30 min at 37°C
and 5% CQO2. Cells were then centrifuged, washed twice and
resuspended in 300uL FC buffer. At least 30,000 events per
sample were analyzed. Data acquisition was performed using
a Cytoflex S cytometer (Beckman Coulter) and analysis with
the CytExpert 2.4 software.

Dot-blotting analysis

Cell lysates were diluted in ddH20 (Sigma) to achieve 8ug
of total protein in a 3uL drop, which was then spotted onto
a nitrocellulose membrane and air-dried for at least 4 hours.
Blocking was performed with 5% non-fat dry milk in TBS
for 1 hour at room temperature, followed by incubation with
the primary antibody (Syn-1, BD Biosciences, cat: 610787,
1:1000) in 5% non-fat milk in 0.1% TBS-Tween20 overnight
at 4°C. After three washes with 0.1% TBS-Tween20, mem-
branes were incubated with an HRP-conjugated secondary
anti-mouse antibody (Cell signaling, cat: 7076P2, 1:5000)
in 5% non-fat milk in 0.1% TBS-Tween20 for 1 hour at room
temperature. The blot was then washed three times with 0.1%
TBS-Tween20 before signal detection using a chemilumines-
cence system (ChemiDoc MP, Biorad). Data was normalized
to total protein per membrane spot analyzed.

Fractionation protocol for the enrichment of detergent-
insoluble protein aggregates
Detergent-insoluble protein aggregates were enriched using
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a sarkosyl-based fractionation protocol®®. Samples were ho-
mogenized in ice-cold low salt (LS) buffer (S0OmM HEPES
pH 7.0, 250mM sucrose, ImM EDTA) with 1X protease and
phosphatase inhibitors on ice. Sarkosyl (1% w/v) and NaCl
(0.5M) were added, followed by incubation on ice for 15 min-
utes and sonication with Diagenode Bioruptor Pica (settings:
5s ON, 30s OFF, 5 cycles, medium frequency). Protein con-
centrations were determined using the BCA assay, and ho-
mogenates were ultracentrifuged at 180,000g for 30 minutes
at 4°C. Sarkosyl-soluble supernatants were collected, while
insoluble pellets were washed with sark-buffer and solubi-
lized in urea buffer (50mM Tris-HCI1 pH 8.5, 8M urea, 2%
SDS) for 30 minutes at room temperature, followed by low-
amplitude sonication (setting: Ss ON, 30s OFF, 3 cycles, low
frequency). Protein concentrations were normalized based
on BCA assay results, and samples were adjusted using sark-
buffer before mixing with 5X Laemmli buffer and heating at
95°C for 5 minutes.

Western-blotting

For Western blot analysis, proteins were resolved via SDS-
PAGE and transferred onto a membrane using wet transfer.
Membranes were blocked with 5% BSA in TBS for 1 hour at
room temperature, then incubated overnight at 4°C with pri-
mary antibodies (mouse anti-o-syn 2A7, Novus, cat: NBP1-
05194 and rabbit anti-3-actin, Abcam, cat: ab8227, both
1:1000). Following three washes in 0.1% TBS-Tween20,
membranes were incubated with anti-mouse (Cell Signaling,
cat: 7076P2) and anti-rabbit (Cell Signaling, cat: 7074S)
HRP-conjugated secondary antibodies (both 1:5000) for 1
hour at room temperature. After final washes, protein
bands were detected via chemiluminescence (iBright system,
Thermo Fisher). Data was normalized to beta-actin.

Human Cytokine Array

The supernatant of iPSC-ENLs stimulated for 24h with
100ng/mL TNF-a was collected. We added 1mL of the su-
pernatant plus 500uL of array buffer 5 for each membrane
of the Proteome Profiler Human Cytokine Array Kit (R&D
systems, cat: ARY005B), which detects up to 36 cytokines at
the same time. Each membrane was used for the supernatant
coming from one biological sample. Analysis was performed
according to the manufacturer’s instructions.

Multielectrode Array recording

To measure neuronal activity, iPSC-ENLs were seeded onto
a 48-well CytoView MEA plate (Axion Biosystems) pre-
coated with geltrex on day 15 of differentiation. Cells were
maintained in ENC medium until day 70 (end of differentia-
tion). Recordings were performed for 10 minutes at 37°C in
an environment of 95% O2 and 5% CO2 using the Maestro
MEA System and AxIS software (Axion Biosystems). Sig-
nals were sampled at 12.5 kHz with a hardware frequency
bandwidth of 200-5000 Hz and later processed using a first-
order Butterworth band-pass filter (200-5000 Hz). Spike de-
tection was set at an adaptive threshold of 5.5 standard devia-
tions above background per electrode, with active electrodes
defined as those detecting > 5 spikes per minute. Activity pa-
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rameters were analyzed using the AxIS Metric Plotting Tool
(Axion Biosystems).

Proteomics analysis

Proteomics data were analyzed as previously published, with
minor modifications®”. The cells were lysed with lysis buffer
(8M urea, 0.1M NH4HCO3) and the concentration of total
proteins was quantified using the BCA kit (Thermo Fisher).
Samples were treated with 12 mM DTT for 30 min at room
temperature followed by alkylation with 40 mM Iodoac-
etamide in the dark for 45 min. After dilution of the sam-
ple to 1:5 with 0.1M NH4HCO3 an overnight digestion with
1 pg Trypsin (Promega) was performed. The tryptic digest
was acidified to pH<3 using TFA and desalted using C18 re-
versed phase spin columns (Harvard Apparatus) according to
the manufacturer’s protocol. Dried peptides were resolved in
0.1% formic acid containing 1% acetonitrile prior to injection
into the mass-spectrometer.

The peptide samples were analysed on an Orbitrap Ex-
ploris480 mass spectrometer (Thermo Scientific) equipped
with a Waters M-class UPLC system (Waters AG) operat-
ing in trap/elute mode. Peptides were loaded and chromato-
graphically separated using a Symmetry C18 trap column (5
pm, 180 um X 20 mm, Waters AG) and as separation column
an HSS T3 C18 reverse-phase column (1.8 pm, 75 um X 250
mm, Waters AG). The columns were equilibrated with 99%
solvent A (0.1% formic acid (FA) in water) and 1% solvent
B (0.1% FA in ACN). Trapping of peptides was performed at
15 ul/min for 30 sec and afterwards the peptides were eluted
using the following gradient: 1-40% B in 120 min; 40-98% B
in 5 min. The flow rate was constant 0.3 ul/min and the tem-
perature was controlled at S0°C. High accuracy mass spectra
were acquired with a Orbitrap Exploris480 operated in data
independent acquisition mode. A survey scan was followed
by up to 12 MS2 scans. The survey scan was recorded us-
ing quadrupole transmission in the mass range of 350-1500
m/z with an AGC target of 3E6, a resolution of 120’000 at
200 m/z and a maximum injection time of 50 ms. All frag-
ment mass spectra were recorded with a resolution of 30’000
at 200 m/z, an AGC target value of 1E5 and a maximum in-
jection time of 50 ms. The normalized collision energy was
set to 28%. Dynamic exclusion was activated and set to 30
sec. For protein identification and label-free quantification
the obtained spectra were analyzed using the software Frag-
Pipe. This software was used to automatically generate a
spectral library and with this the .Raw files were uploaded
as input to calculate protein levels.

Differential expression analysis was performed using the
limma package, with linear models and contrasts applied
to compare Iso and SNCA 3x groups under various treat-
ment conditions. Differentially expressed proteins (DEPs)
were identified by filtering for p-values < 0.05 and log?2 fold
changes> 0.8 or < —0.8. Data visualization included vol-
cano plots to represent significance and fold change, and
Venn diagrams to identify overlapping DEPs across condi-
tions. Gene Ontology (GO) enrichment analysis was per-
formed on DEPs using the clusterProfiler package, focusing
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on the Molecular Function category, and the results were vi-
sualized in bar plots. Final results, including protein identi-
fiers, fold changes, p-values, and GO enrichment, were com-
piled for downstream analysis. Ingenuity pathway analysis
was used to merge the top protein-protein interaction net-
works found when comparing SNCA 3x vs Iso ENLs stimu-
lated with TNF-a vs basal level.

Metabolomics analysis

Untargeted metabolomics were in general performed as pre-
viously described with minor modifications®®. Cells were
lysed in an 80:20 methanol-water mixture (1 mL per sam-
ple) containing recovery standards, followed by centrifuga-
tion at 24,000 g and 4°C for 5 min. From the supernatant
350 uL each were used for HILIC and RP chromatography
and 230 uL for pooled QC samples, which were prepared
the same way as unknown samples after pooling. All super-
natants were dried under nitrogen at 30°C before reconstitu-
tion in HILIC or RP eluent. LC-MS analysis was performed
using a Dionex Ultimate 3000 system coupled to a Q Exac-
tive Focus mass spectrometer (Thermo Fisher Scientific) with
HILIC (Acquity UPLC BEH Amide, 1.7 um) and RP (Ac-
quity UPLC BEH CI18, 1.7 um) chromatography. The sys-
tem was operated in positive and negative ionization modes
with a mass detection range from 66.7 to 1000 m/z in full-
scan mode, with the three most abundant features fragmented
in ddMS2 mode. QC samples and blanks were included for
system calibration and batch correction. Data were analyzed
using Compound Discoverer 3.3, with features identified us-
ing a 5 ppm mass tolerance and 0.2 min RT tolerance. Peak
areas were normalized to protein concentration, Compound
annotations were assigned via ChemSpider, mzCloud™, mz-
Vault, and in-house databases. Only compounds with anno-
tation levels 1 or 2 (See Table S9) were included. Analy-
sis of individual metabolites was calculated by performing
a scaling of the data to consider the donor effect, followed
by Student’s unpaired two-tailed t-tests, similar to previous
publications®’. Metabolite-set enrichment analysis was per-
formed using MetaboAnalyst®, considering the DEMs (p-
values < 0.05, log?2 fold changes > 0.5 or < —0.5).

Integrated pathway analysis

Integrated pathway analysis was generated using
MetaboAnalyst”® by adding as an input the DEPs (p-
values < 0.05 and log2 fold changes > 0.8 or < —0.8)
and DEMs (p-values < 0.05 and log2 fold changes > 0.5
or < —0.5) obtained when comparing SNCA 3x vs Iso
stimulated with TNF-o.

Proximity ligation assay (PLA)

Imaging 24-well cell plates containing iPSC-ENLs at
day 70 (basal and TNF-stimulated) were fixed with 4%
paraformaldehyde and permeabilized with 0.4% (v/v) Tri-
ton X-100. The Duolink In Situ PLA kit (Sigma Aldrich,
cat: DUQO92101) was used for PLA. Cells were blocked
and incubated with mouse anti-o-syn (Novus, cat: NBPI1-
05194, 1:50) or rabbit anti-TOM20 (Proteintech, cat: 11802-
1-AP, 1:250) antibodies and thereafter with the correspond-
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ing PLA probes. After ligation and amplification using the
kit reagents, cells were counterstained for a-syn and TOM20
and mounted using Duolink mounting medium with DAPI
(1:2500). A pipeline to analyze the PLA dots in the cyto-
plasm of the cells was created using CellProfiler (Broad In-
stitute) and at least 4-5 individual images per individual bi-
ological sample under each condition (basal or TNF) were
analyzed. Imaging was performed using the Super Resolu-
tion Evident SR Spinning Disk microscope (Olympus) and
the cellSens Software and processing was performed using
FIJT (ImagelJ).

Mitochondrial parameter analysis

Mitochondrial morphology was assessed using the TOM20
immunofluorescence stainings and analyzed in ImageJ (Fiji)
with the Mitochondria Analyzer plugin®!. Images were ac-
quired as TIFF files, and the TOM20 channel was pro-
cessed for analysis. Briefly, images were converted to 8-
bit grayscale, and background was subtracted using a rolling
ball algorithm (radius = 50 pixels). A global threshold (Otsu
method) was applied to segment mitochondria, followed by
binary processing to refine structures. Nuclei were identified
from the DAPI channel using CellProfiler, and mitochondrial
parameters were normalized to the number of nuclei per im-
age. A minimum of three images per biological replicate was
analyzed, and results were averaged per biological replicate.
Statistical analyses were performed in R, with group compar-
isons conducted using Student’s unpaired two-tailed t-tests.

Isolation of mitochondrial fractions

Cells were treated with Accutase (Gibco, USA), washed
with 1x DPBS, centrifuged at 300g at room temperature
for Smin and isolation of mitochondrial fractions was per-
formed using the Mitochondria Isolation Kit for Cultured
Cells (Thermo Fisher, cat: 89874), following the manufac-
turer’s instructions. Isolation was validated via Western blot-
ting using TOM20 (Proteintech, cat: 11802-1-AP, 1:1000)
as a mitochondrial marker and B-III-tubulin (Biolegend, cat:
Cat:801202, 1:1000) as a cytosolic marker. Proteins were
transferred to a membrane using a semi-dry transfer system,
followed by blocking and incubation with anti-mouse (Cell
Signaling, cat: 7076P2) and anti-rabbit (Cell Signaling, cat:
7074S) HRP-conjugated secondary antibodies (both 1:5000).
Bands were visualized using chemiluminescence detection
(ChemiDoc MP, Biorad).

Seahorse analyzes

For Seahorse assays, we seeded 60,000 ENL precursors per
cm? on Geltrex (Thermo Fisher)-coated Seahorse XF24 cell
plates (Agilent, USA) at day 15 of the differentiation and
kept them with ENC medium until day 70, when the an-
alyzes were performed. For mitostress assays, cells were
washed two times and incubated for 1h at 37°C in an in-
cubator without CO2, with respiratory medium consisting
of DMEM XF (Agilent) supplemented with 10mM glucose
solution (Agilent) plus ImM pyruvate solution (Agilent)
and 2mM glutamine (Agilent). After equipment calibration,
baseline respiration measurements were followed by injec-
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tion of SuM oligomycin (Sigma), SuM carbonyl cyanide m-
chlorophenylhydrazone (CCCP) (Sigma) and 5uM rotenone
(Sigma) plus 5uM antimycin A (Sigma). To perform the
mitofuel assays, we used the same medium and conditions of
the mitostress assay, but the compounds were the ones pro-
vided by the Seahorse XF Mito Fuel Flex Test Kit (Agilent),
in the concentrations indicated for the metabolic dependency
analysis, which included 3uM BPTES, 4uM etomoxir and
2uM UKS5099 (final concentrations). All respiratory modula-
tors were previously titrated, and all plates were normalized
to protein content using the BCA kit (Thermo). Analysis was
performed using the Wave software (Agilent).

Quantification and statistical analysis

Statistical analysis was performed using Graphpad Prism 10,
by either two-tailed unpaired Student’s t test (two groups),
one-way ANOVA followed by Tukey’s post-hoc test or two-
way ANOVA followed by Sidak’s, Tukey’s or Bonferroni’s
post hoc test (more than two groups). Error bars represent
standard error of the mean (SEM). Statistical analysis for
scRNAseq, metabolomics and proteomics analysis were per-
formed by different packages in R as stated. p < 0.05 was
considered significant. Details of statistics and sample sizes
are described in the figure legends.
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Supplementary Figure Legends

Figure S1. iPSC-ENLs as a model for studying synucleinopathies, related to figure 1. (A) Flow cytometry characterization of iPSC purity by staining of
NANOG*/LIN28A* cells. Analysis was performed before starting the initial timepoint of differentiation (day 0). n=3 biological replicates per group, mean
+ SEM. (B) Statistical quantification of the gene expression of neuronal marker TUBB3, glial marker GFAP and enteric neuronal markers PHOX2B, ELAVLA4
and HOXB3 in iPSC-derived ENLs at days 6, 40 and 70 of differentiation analyzed using RT-qPCR. Log2 fold change was calculated in relation to the Iso
group at day 6 of differentiation. n=3 biological replicates per group, mean + SEM, **p<0.01, ***p<0.001, ****p<0.0001, by two-way ANOVA with Tukey’s
post-hoc. (C) UMAP plot obtained from scRNA-seq analysis of Iso and SNCA 3x ENLs at day 70 after start of differentiation, showing clustering of each cell
line after batch effect correction. (D) UMAP plot obtained from scRNA-seq analysis of Iso and SNCA 3x ENLs at day 70 after start of differentiation, showing
clusters identified after annotation. (E) Ridgeplot showing the expression of SNCA per condition considering each cluster identified. n=3 biological replicates
per group, p values calculated by unpaired two-tailed Student’s t test. (F) Heatmap comparing the cellular communication between SNCA 3x and Iso ENLs
in total cells, with the top color bar representing the sum of the column values displayed in incoming signals and the right color bar representing the sum of
outgoing signals, red or blue indicating increased or decreased signal of SNCA 3x compared with Iso, respectively. Data was generated using CellChat. (G)
Barplots showing the quantification of the number of inferred interactions (top) and interaction strength (bottom) in iPSC-ENLSs total cells. Data was generated
using CellChat. (H) Differences in the overall signaling pathway between SNCA 3x and Iso ENLs in total cells, with the ranking indicating the importance of
the pathways; red indicating the signaling pathways enriched in Iso, blue representing the signaling pathways enriched SNCA 3x, and black representing no
difference in signaling pathway enrichment in groups.

Figure S2. Subclustering identifies distinct iPSC-ENL subpopulations recapitulating the human ENS, related to figure 2. (A and B) Dotplots showing
the top 3 subcluster markers for enteric neurons (A) and enteric glia (B), with clusterization based on the similarities between subclusters. (C-F) Heatmaps
showing sublcuster annotation similarities to the human ENS based on singleR scores. C and E represent Iso and SNCA 3x enteric neurons, respectively
whereas D and F represent Iso and SNCA 3x enteric glia, respectively. Scores were calculated based on the populations depicted in Drokhlyansky et al 20200,

Figure S3. Altered cellular communication and compensatory glial responses to mitochondrial stress in SNCA 3x ENLs, related to figures 2 and 3.
(A and B) Calculation of cellular entropy by subcluster using TSCAN for enteric neurons (A) and enteric glial cells (B). (C) Heatmap comparing the cellular
communication between SNCA 3x and Iso ENLs in enteric neuron subclusters, with the top color bar representing the sum of the column values displayed in
incoming signals and the right color bar representing the sum of outgoing signals, red or blue indicating increased or decreased signal of SNCA 3x compared
with Iso, respectively. Data was generated using CellChat. (D) Barplots showing the quantification of the number of inferred interactions (top) and interaction
strength (bottom) in enteric neuron subclusters. Data was generated using CellChat. (E) Differences in the overall signaling pathway between SNCA 3x and
Iso ENLs in enteric neuron subclusters, with the ranking indicating the importance of the pathways; red indicating the signaling pathways enriched in Iso,
blue representing the signaling pathways enriched SNCA 3x, and black representing no difference in signaling pathway enrichment in groups. (F) Heatmap
comparing the cellular communication between SNCA 3x and Iso ENLs in enteric glia subclusters, with the top color bar representing the sum of the column
values displayed in incoming signals and the right color bar representing the sum of outgoing signals, red or blue indicating increased or decreased signal of
SNCA 3x compared with Iso, respectively. Data was generated using CellChat. (G) Barplots showing the quantification of the number of inferred interactions
(top) and interaction strength (bottom) in enteric glia subclusters. Data was generated using CellChat. (H) Differences in the overall signaling pathway between
SNCA 3x and Iso ENLs in enteric glia subclusters, with the ranking indicating the importance of the pathways; red indicating the signaling pathways enriched
in Iso, blue representing the signaling pathways enriched SNCA 3x, and black representing no difference in signaling pathway enrichment in groups.

Figure S4. TNF-o uncovers genotype-specific o-syn accumulation and synaptic dysfunction in SNCA 3x ENLs, related to figure 4. (A) Dot blot
analysis of total a-syn (Syn-1 antibody, BD Biosciences, cat: 610787) quantified intracellularly in iPSC-ENLs, n=3 biological replicates per group, mean *
SEM, *p<0.05 by two-way ANOVA with Bonferroni post-hoc. Basal refers to cells treated with vehicle used to dilute the TNF-o (DPBS+0.1% BSA). (B)
Sarkosyl-aggregation assay of o-syn blot (2A7 antibody, Novus, Cat:NBP1-05194) and quantification in IPSC-ENLs. Data was normalized to beta-actin.
S=supernatant, P=pellet. n=3 biological replicates per group, mean + SEM. Basal refers to cells treated with vehicle used to dilute the TNF-a (DPBS+0.1%
BSA). (C) Quantification of the weighted mean firing rate generated from the MEA data, n=wells of a CytoView MEA 48-well plate, representative of 3
biological replicates per group, mean = SEM.
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