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Figure 1: Neuronal LC3 accummulates in astrocytes. A Schematic representation of experimental setup. B Representative image of 4 week
old iNeuron-astrocyte co-culture. C Life cell imaging including 3D and 2D axial view of GFP-LC3 puncta localized in mCherry positive astrocyte
cultured with GFP-LC3 hiPSC-derived neurons after 4 weeks of differentiation. D CLEM images of 4 week of hiPSC-derived neuron including
two representative regions. E Representative image showing GFP-LC3 (green) co-localizing with LAMP1 (red) in astrocytes marked with GFAP
(grey). F Schematic representation of experimental setup and (G) representative image of STEM121 (red)-positive human neurons
successfully transplanted into mouse brain. H Representative image of mouse brain slice showing a STEM121-positive (red) neuron on the
left and GFP-LC3 puncta (green) within S100B-positive (cyan) astrocytic structures on the right.
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Increased neuronal LC3 accumulation in astrocytes during neuronal silencing

We next asked which conditions alter the accumulation of neuron-derived LC3-structures in astrocytes (Figure
2A, Supplementary Table 1). We induced autophagy in our co-cultures using overnight treatment with Rapamycin
(Rap) or Buthionine sulfoximine (BSO). While we showed these conditions activate neuronal autophagy®’, the
basal number of LC3-labeled puncta that appear in astrocytes does not change (Figure 2B). Hence, merely
activating autophagy in neurons does not trigger additional LC3 transfer to astrocytes.

We then asked if neuronal activity modulates LC3-GFP transfer. We applied KCl that triggers membrane
depolarization and increases neuronal activity, but this treatment also does not affect the number of puncta in
astrocytes (Figure 2B). We subsequently blocked neuronal activity using NBQX, an AMPA receptor antagonist or
using TTX, a Na?* channel blocker that inhibits action potentials. Overnight treatment results in a significant
increase in the number of LC3-GFP labeled particles per astrocyte (Figure 2B). We independently confirmed this
result using another control hiPSC line that we infected with a lentivirus to express LC3-mCherry. Incubating co-
cultures of this cell line with TTX also causes the increased number of LC3 puncta in astrocytes, indicating our
initial finding is not cell line-dependent (Sup. Figure 1A). To further characterize our observation, we conducted
a time-course experiment and find a significant increase of LC3-GFP puncta in astrocytes already after 6 h of TTX
treatment. Furthermore, this effect remains stable up to 24 h after TTX was added (Figure 2C). Hence, silencing
neuronal activity triggers the formation of neuron derived LC3-accumulations in astrocytes.

Transfer of LC3 structures is specific for astrocytes

Our next question was to determine the specificity of the transferred LC3. We first asked if TTX triggered general
protein transfer or if this was more specific for LC3 protein and/or structures. We used lentivirus to express
untagged mCherry in hiPSCs and a hiPSC line for which one allele of the LAMP1 gene was fused to GFP,
differentiated the cells into neurons and incubated them with unlabeled astrocytes. While mCherry signal and
LAMP1-GFP signal are detectable in astrocytes, overnight TTX treatment does not change these basal levels
(Figure 2D-E). This is interesting because while most LC3 particles that appeared in astrocytes upon TTX
treatment overlapped with LAMP1 staining (see Figure 1), this LAMP1 does not appear to be derived from
neurons. Together, the results indicate that while there is some transfer of proteins between cells (mCherry,
LAMP1), the accumulation of LC3 puncta in astrocytes upon TTX treatment is a specific mechanism.

To then test if the transfer of LC3 is specific from neurons towards astrocytes we first introduced mCherry-
expressing HEK293T cells into our iNeuron-astrocyte co-cultures. Following TTX treatment we only found LC3-
GFP puncta in astrocytes and almost none in the HEK 293T cells (Figure 2F). Second, we asked if LC3 could also
be transferred from astrocytes to neurons upon silencing neuronal activity. We created (unlabeled) iNeuron and
LC3-GFP-mCherry expressing astrocyte co-cultures and treated them with TTX (Figure 2G), but we do not find
increased levels of mCherry-LC3 puncta in neurons (Figure 2H). These results indicate that there is directional
transfer of neuronal LC3 to astrocytes (and potentially other cell types we did not (yet) test).
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Figure 2: Increased neuronal LC3 accumulation in astrocytes during synaptic silencing. A Schematic presentation of the experimental setup.
B Representative images of GFAP (grey) labelled astrocytes containing LC3-GFP (green) puncta, and puncta quantification after 4 weeks of
co-culture with LC3-GFP iNeurons. Number of puncta was compared to the number of LC3 puncta in astrocytes of untreated (UNTR) cultures.
N=3 C Quantification of LC3-GFP puncta in astrocytes co-cultured for four weeks with LC3-GFP iNeurons after 2, 4, 6, 8, and 24 hours TTX
treatment. We compared puncta in TTX treated cultures to the number of puncta in astrocytes of untreated culture (Oh). N=2 D
Representative images of outlined astrocytes that were co-cultured four weeks with mCherry-positive iNeurons with and without overnight
TTX treatment; mCherry signal in TTX treated astrocytes was compared to mCherry signal in untreated (UNTR) astrocytes. N=2 E
Representative images of outlined astrocytes that were co-cultured four weeks with LAMP1-LC3 iNeurons with and without overnight TTX
treatment; Number of GFP-Lamp1 puncta (green) in TTX-treated astrocytes was compared Lamp1-GFP puncta in untreated astrocytes. N=2
F Representative image of mCherry (grey)-positive HEK293T cells co-cultured with primary rat astrocytes and LC3-GFP iNeurons after TTX
treatment. Particles were quantified in HEK cells and near astrocytic nuclei. G Schematic presentation of experimental setup H LC3-GFP-
mCherry- infected astrocytes were co-cultured with control iNeurons and treated with TTX after differentiating for four weeks. GFP signal
was quantified in iNeurons and compared to non-treated cells. N=2.

LC3 transfer is mediated without cell-to-cell contact

To start investigating the mechanism of transfer of LC3 structures and/or protein we first asked if cell contact is
required. Such mechanisms could involve close gap-like junctions or tunneling nanotubes?®=28, We cultured LC3-
GFP-expressing iNeurons and unlabeled astrocytes on two different coverslips and placed the coverslip with
astrocytes upside down over the neurons, spaced by 1-2 mm thick Paraffin dots to avoid direct cell-cell contact?®
(Figure 3A). TTX treatment again causes the significant increase in the number of LC3-GFP puncta in astrocytes
(Figure 3B), a phenotype similar to the one we found with our integrated co-cultures. To further exclude the
possibility that transfer was occurring via longer-range cell-cell connections that would bridge the gap created
by the paraffin spacers, we proceeded by collecting medium from LC3-GFP expressing iNeuron co-cultures
treated with TTX and then added this to unlabeled astrocyte monocultures. Also here, we observe the
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appearance of LC3-GFP particles in the astrocytes following a 3h incubation period (Figure 3C). These results
demonstrate that direct cellular contact is not required for LC3 transfer to astrocytes.

To characterize the transferred LC3-GFP moieties we used Amplicon ultracentrifugation columns to isolate a
>10kDa and a >100kDa medium fraction (Sup. Figure 2). Unlipidated LC3-GFP is 44kDa and monomers and are
expected to reside in the >10kDa fraction and to be excluded from the >100kDa fraction. First, we detect GFP
signal in both fractions; second, using negative stain EM we find vesicular structures in both fractions but the >10
kDa fraction does not include larger vesicles within the size range of an autophagosome, which we find in the
>100 kDa fraction (Sup. Figure 2). We incubated astrocytes with these fractions and find LC3-GFP accumulations
in either condition, but the >100kDa fraction is more potent than the >10kDa fraction (Sup Figure 2B). These
results suggest that larger LC3-decorated membrane-structures can be transferred to astrocytes.

We challenged our notion that autophagosomal vesicles are being transferred in their entirety using a genetics
experiment involving astrocytes in which the core-autophagy component Atg5 was knocked down3°. We confirm
that these astrocytes (in monocultures) cannot form (endogenous) autophagosomes (Sup. Figure 2C). However,
when we add medium from LC3-GFP expressing iNeuron co-cultures treated with TTX, we observe the
appearance of LC3-GFP-labeled structures inside these autophagy-defective astrocytes (Sup. Figure 2D). These
data further support our conclusion that entire autophagosomal vesicles are being transferred from neurons to
astrocytes.

Autophagy in neurons is required for activity-dependent LC3 transfer to astrocytes

We reasoned that if entire autophagosomal vesicles are transferred (and not merely LC3 protein) that blocking
neuronal autophagosome biogenesis during overnight TTX treatment should trump the appearance of LC3-GFP
structures in astrocytes. We created LC3-GFP-expressing iNeuron astrocyte co-cultures and during TTX treatment
incubated them with ULK-101, an inhibitor of autophagy induction or Wortmannin (WRT), that inhibits
autophagosome formation. While these treatments do not affect overall LC3-GFP protein expression, either
compound blocks the increased LC3 transfer to astrocytes (Figure 3D). We independently confirm this by also
harvesting medium of these co-cultures and adding this to unlabeled astrocytes. Medium from TTX and ULK-101
or WRT-treated cultures failed to show the increased number of LC3-GFP labeled structures in astrocytes that
we see with medium from TTX-only treated cultures (Figure 3E). These data are in further support of a model
where vesicular structures are transferred and indicate that the increased transfer of LC3-positive vesicles
following TTX stimulation relies on active autophagy in neurons.
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Figure 3: LC3 transfer mechanisms. A Schematic presentation of sandwich cultures, used to culture neurons and astrocytes in close proximity,
but without cell-to-cell contact. B Representative images of sandwich cultured astrocytes with GFAP in magenta and LC3 in green. GFP-LC3
puncta were quantified in TTX treated astrocytes and compared to untreated (UNTR) cells. C Representative images of outlined astrocytes
that were incubated with medium harvested after overnight TTX treatment of a LC3-GFP iNeuron-astrocyte co-culture. Quantification of the
number of GFP particles/cell which was compared to the number of particles/cell in astrocytes that were incubated with medium of
untreated cultures (UNTR). N=2 D Representative images of LC3-GFP iNeuron-astrocyte co-cultures after overnight TTX treatment in presence
of autophagy blockers. LC3-GFP puncta (green) were quantified in Gfap-positive astrocytes (grey) and compared to untreated co-cultures.
N=2 E Representative images of outlined astrocytes that were incubated with whole medium harvested after overnight TTX treatment of a
LC3-GFP iNeuron-astrocyte co-culture in presence of autophagy blockers. GFP-LC3 particles were quantified per cell. N=3.

Astrocytes mediate LC3 vesicle uptake via clathrin-independent endocytosis

We wondered how astrocytes could incorporate neuronal LC3 decorated vesicles and assessed a role for an
endocytic mechanism. Labeling astrocytes in TTX-treated sandwich-cultures reveals that the LC3-GFP-labeled
structures co-localize with EEA1, a marker for early endosomes, and RAB7, a marker for late endosomes (Figure
4A), consistent with them moving through the endocytic trafficking pathway. To examine subsequent fusion
with lysosomes, we first incubated astrocytes with Lysotracker-Red that stains acidic organelles like lysosomes,
removed the dye and incubated the labeled cells with medium from TTX-treated co-cultures for 3h.
Representative images shown in Figure 4A show that almost all LC3-GFP puncta co-localize with lysotracker, suggesting
that endocytosed LC3-positive vesicles fuse with astrocytic lysosomes.

We then conducted time-course experiments, reasoning that the LC3-GFP vesicles that are internalized into
astrocytes ultimately fuse with lysosomes for degradation (also predicted by our CLEM results (see Figure 1)). To
this end we made use of the LC3-GFP-mCherry lentiviral construct, which is a widely used tool to monitor
autophagic degradation. The GFP signal is pH-sensitive and degrades in the acidic environment of the
autolysosome, while the mCherry signal is stable. This dual fluorescence enables the distinction between
autophagosomes, show both green and red signals, and acidic autolysosomes, only showing red fluorescence3..
We differentiated LC3-GFP-mCherry transduced iNeurons in co-culture with astrocytes for four weeks and then
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treated those cultures overnight with TTX. The harvested medium was then added to astrocytes for 3 hours and
6 hours. Quantification of fluorescent signal after 3 hours showed an elevated number of neuronal LC3 puncta
(green and red) when compared to astrocytes incubated with medium of untreated cultures (Figure 4B).
Interestingly, that number reduces after 6 hours. At the same time we observe an increase in the fraction of red
puncta at this time point, suggestive for the formation of autolysosomes. This is consistent with the internalized
LC3-GFP-labeled structures to enter a degradative endocytic trafficking pathway in astrocytes.

To reveal the mechanism of LC3-GFP-vesicle endocytosis in astrocytes we used different endocytosis blockers
(Supplementary Table 2). Astrocytes pre-treated with these blockers were incubated for 3 hours with medium
from TTX treated co-cultures. Cytochalasin D induces toxicity precluding us from drawing conclusions
(Supplementary Figure 3A-B), while PitSTOP2, even at the highest concentrations, does not affect the uptake of
neuronal LC3 (Figure 4C), suggesting Clathrin-mediated endocytosis is not involved.

We then tested Dynasore, a blocker of dynamin-dependent endocytosis, and 7-Ketocholesterol that inhibits
cholesterol-dependent endocytosis such as caveolar invaginations®2. Preincubation of astrocytes with increasing
concentrations of either compound inhibits the increased appearance of LC3-labeled structures in astrocytes.
Although endocytosis blocker lack specificity and exhibit various side effects®*=35, the results provide preliminary
evidence that internalization of neuron-derived LC3-decorated vesicles into astrocytes requires a Clathrin-
independent and Dynamin- and cholesterol-dependent endocytic process, providing the starting point for more
targeted genetic inhibition approaches in the future.
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Figure 4: Astrocytes mediate autophagosomal uptake via clathrin-independent endocytosis. A Representative images of astrocytes of

overnight TTX treated sandwich cultures with LC3-GFP iNeurons. Astrocytes were stained for EEA1 (magenta), RAB7 (magenta). Additionally,
astrocyte monocultures were pre-incubated with lysotracker-red before the addition of medium harvested from TTX treated LC3-GFP
iNeuron-astrocyte co-cultures. B Representative images of astrocytes that were incubated with medium harvested after overnight TTX
treatment of a LC3-mCherry-GFP iNeuron-astrocyte co-culture. The number of neuronal LC3 puncta (red and yellow) was quantified after 3h
and after 6h incubation and compared to astrocytes incubated for 3h with medium of an untreated co-culture (Ctrl). In the same images the
fraction of autolysosomes (red) was quantified and compared to the Ctrl condition. N=2 C Representative images of astrocytes that were
incubated with medium harvested after overnight TTX treatment of a LC3-GFP iNeuron-astrocyte co-culture in the presence of different
endocytosis blockers. LC3-particles (green) per cell were quantified and compared to untreated astrocytes that were incubated with the
same medium. N=2.

Discussion

We demonstrate that in human neurons, LC3-labeled autophagosomal vesicles can be selectively transferred to
astrocytes for degradation. This transfer process is negatively regulated by neuronal activity and requires
Clathrin-independent, Dynamin-, and/or cholesterol-dependent endocytosis in astrocytes for the
autophagosomes to be delivered to astrocytic lysosomes. This mechanism is particularly significant in the context
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of synapses, where lysosomal fusion and autophagosome acidification primarily occur during the lengthy
transport to the soma, with less acidification at the synapses themselves3%37. Our findings suggest that the close
proximity of astrocytes offers an alternative route: local transport to and recycling within astrocytes. This process
is especially relevant for long-lived, non-dividing neurons and may be critical in neurodegenerative conditions,
where synapses are vulnerable, and protein aggregates tend to accumulate, disrupting local proteostasis32.

Our findings align with the concept of secretory autophagy, where double-membraned autophagosomes fuse
with the plasma membrane to secrete their contents, contributing to proteostasis®. This mechanism offers an
efficient way for synapses to expel debris rapidly. We observed an increased transfer of autophagosomal vesicles
specifically during synaptic silencing (TTX, NBQX), suggesting that synaptically formed autophagosomes are likely
degraded through this process, although autophagosomes from other neuronal regions may also utilize this
pathway. Future isolation and analysis of GFP-labeled vesicles during transport could provide further insights
into their (synaptic) origin. Furthermore, additional analyses will be needed to understand the regulatory
mechanisms that govern the increased transfer of autophagosomal vesicles specifically during synaptic silencing.

Secretory autophagy has been linked to synaptic remodeling®® and the secretion of aggregation-prone proteins,
such as intracellular amyloid-beta and huntingtin, which play roles in neurodegenerative diseases*!. While
significant progress has been made in understanding the cargo and cellular mechanisms involved in secretory
autophagy, the fate of these secreted autophagosomal vesicles remains largely unexplored. In this study, we
show that astrocytes are key recipients of these vesicles, and the roles of other cell types such as microglia and
oligodendrocytes remain to be investigated. However, in our in vivo xenotransplantation experiments, we
observed most of the secreted LC3-labeled particles to be within or very close to astrocyte markers, suggesting
the preferential targeting of these cells. Given the known roles of astrocytes, we propose that, beyond breaking
down and recycling neuronal debris, this process may also function as a signaling pathway, conveying information
about neuronal status and health.

Reducing synaptic activity triggers homeostatic plasticity in neurons, leading to adjustments in synaptic strength
to maintain network stability*2. This involves dynamic structural reorganization of synapses, with autophagy and

43-45 While active autophagy facilitates remodeling of synaptic structures by

astrocytes playing key roles
removing and recycling obsolete or damaged synaptic proteins, astrocytes support the process by regulating
extracellular ion balance, releasing neurotrophic factors, and modulating neurotransmitter levels*-%. Our work
establishes a direct link between astrocytes and the processing of neuronal autophagosomal vesicles. We
hypothesize that this transfer is crucial for the resilience and adaptability of neural circuits, but this warrants

further investigation.

We found that astrocytes internalize LC3-labeled vesicles through a Clathrin-independent, but Dynamin- and
cholesterol-dependent endocytic mechanism. Macropinocytosis, a Clathrin-independent pathway, mediates the
nonspecific uptake of extracellular fluids, macromolecules, and cell fragments®’. This process involves the
formation of cup-like structures that extend from the cell surface, driven by the actin cytoskeleton, and that close
around extracellular material to form micron-sized vesicles. These vesicles are then processed and recycled
through the endocytic system*’. Primary mouse astrocytes were shown to be able to take up extracellular vesicles
via micropinocytosis*®. However, many other cell types, including HEK293 cells that we tested here, also exhibit
macropinocytosis. Interestingly, our observation that HEK293 cells failed to take up neuron-derived LC3-labeled
autophagosomal vesicles after TTX stimulation suggests that autophagic vesicles are unlikely to be internalized
through macropinocytosis. In future research it will be interesting to identify specific molecular targeting
mechanisms that drive autophagic vesicle-recognition by astrocytes (and possibly other cell types).

Caveolar endocytosis is also a Clathrin-independent, Dynamin- and cholesterol-dependent process and is
initiated by ligand binding, thus enabling targeted and controlled endocytosis®. This pathway involves omega-
shaped plasma membrane invaginations (caveolae) and Dynamin-dependent internalization of cargo.
Internalized caveolae can follow the classical endocytic route depending on the ligand®®. Caveolae-mediated
endocytosis showed to play a role in TLR4 endocytosis in cortical astrocytes®’. However, while our findings show
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extensive co-localization of LC3-GFP puncta with late endosomal and lysosomal markers (Figure 1E, 4A),
endocytosed TLR4 exhibits a slower and less comprehensive transition to lysosomes. Another astrocytic
endocytosis pathway, which aligns more closely with this aspect, is Clathrin- and Dynamin-independent and
regulated by Rab5°2. This pathway is characterized by the rapid transition of endocytosed vesicles, from early to
late endosomes and lysosomes. Such a pathway then likely facilitates the fast degradation and recycling of
neuronal autophagic vesicles, which may be essential for astrocytes to respond rapidly to changes in synaptic
activity and maintain neuronal circuit adaptability.

Materials & Methods
hiPSC lines and culture

We used two independent male control hiPSC lines. Both cell lines originate from reprogrammed fibroblasts. The
first line was obtained from Coriell (AICS-0030-022:WTC-mEGFP-MAP1LC3B-cl22). For this line one allele of the
MAP1LC3B gene was endogenously tagged with mGFP, so that fluorescently labelled LC3 protein was generated.
The second control line was obtained from the Tau Consortium Stem Cell Group®. Additionally we used hiPSC
lines of the same genetic background as the MAP1LC3B-GFP hiPSC line, either unlabelled (GM25256) or with an
endogenously GFP tagged LAMP1 gene (AICS-0022-037: MONO-ALLELIC mEGFP-TAGGED LAMP1 WTC iPSC LINE
(TAG AT C-TERM)). All clones used in this study were validated through a battery of quality control tests including-
morphological assessment and karyotyping to confirm genetic integrity. All clones expressed the stem cell
markers POU5F1, SOX2 NANOG, SSEA-4, and TRA-1-81.

Cells were cultured on Geltrex coated wells in E8 Flex medium supplemented with Pen/Strep (Gibco). Medium
was refreshed every other day and cells were split twice per week.

Astrocyte culture

Primary rat astrocytes were isolated from rat brain as described previously?*. In short cortices were dissected
from rat pubs (E18 or P0-2). After dissociating the cells were cultured at 37°C, 5%C0O2 in DMEM high glucose
(Gibco) supplemented with 10% FBS (Gibco) and 1% Pen/Strep for at least one week with regular medium
changes and shaking to remove less adherent cells (i.e. microglia). When not used freshly, astrocytes were
dissociated from T75 flasks with trypsin and resuspended in cryopreservation medium and stored in liquid
nitrogen after two passages. After thawing the astrocytes were passaged or collected for experimental use when
reaching 80% confluency. When plated for transfer experiments astrocytes were plated on PLO/human Laminin
coated coverslips in DMEM high glucose supplemented with 10% FBS and 1% Pen/Strep. Two to three days after
plating medium was switched to neurobasal medium supplemented with B27 (Gibco), Glutamax (Gibco), 1%
Pen/Strep, NT3 (Promokine), BDNF (Promokine) and 2.5% FBS. All experiments were performed with at least two
independent batches of primary rat astrocytes.

Neuronal differentiation

iPSCs were differentiated towards cortical excitatory neurons as described previously?*. Summarized, lentiviral
vectors were used to stably integrate transgenes encoding for rtTA and doxycycline inducible Ngn2. To select for
iPSCs that were transduced with both lentiviral vectors we started G418 (0.5 ug/ml; Sigma-Aldrich) and
puromycin (0.1 ug/ml; Sigma-Aldrich) selection 48 h after infection. The antibiotics concentration was doubled
at day two and three of the selection process. iPSCs surviving the selection process were cultured at general iPSC
culture conditions, E8 Flex medium was additionally supplemented with low concentration puromycin and G418.

To start the differentiation process stabilized iPSC lines were singularized using Accutase and plated at a density
of 100 cells/mm? in E8 basal flex medium (Gibco) supplemented with Pen/Strep, RevitaCell, and doxycycline (1
pg/ml) on poly-L-ornithine (50 pug/mL; Sigma-Aldrich) and human laminin (Biolamina LN521) coated wells with
or without coverslips.
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The day after plating medium was changed to DMEM-F12 (Gibco) supplemented with N2 (Gibco), NT3
(Promokine), BDNF (Promokine), MEM non-essential amino acid solution NEAA (Sigma-Aldrich, M7145),
doxycycline (2 ug/ml), and Pen/Strep. To support neuronal maturation primary rat astrocytes were added to the
culture in a 1:1 ratio two days after plating. At DIV 3 the medium was changed to Neurobasal medium (Gibco)
supplemented with B-27, Glutamax, Pen/Strep, NT3, BDNF, and doxycycline (1 ug/ml). Cytosine B-D-
arabinofuranoside (Ara-C) (2 uM; Sigma-Aldrich) was added once to remove proliferating cells from the culture.
From DIV 6 onwards half of the medium was refreshed three times a week. Addition of 1 pug/ml doxycycline was
stopped after two weeks. The medium was additionally supplemented with 2.5% heat inactivated FBS to support
astrocyte viability from DIV10 onwards. Neuronal cultures were kept through the whole differentiation process
at 37°C, 5%C02.

Immunocytochemistry

After 4 weeks of differentiation and respective treatments, cells were fixed with 4% paraformaldehyde, 4%
sucrose (v:v) and permeabilized with 0.2% Triton X-100 (Sigma-Aldrich, T8787) in PBS (Sigma-Aldrich, P5493) for
10 min. Aspecific binding sites were blocked by incubation in blocking buffer (PBS, 5% normal goat serum
(Invitrogen), 1% bovine serum albumin (Sigma-Aldrich, A7906), 1% glycine (Sigma-Aldrich, G5417), 0.2% Triton
X-100 (Thermo Fisher)) for 1 h at room temperature (RT). Primary antibodies (GFAP, Aveslabs #GFAP 1:500;
Synapsinl, SanBio 51-5200 1:1000; Lamp1, Sigma-Aldrich L1418 1:200; EEA1, Fisher Scientific MA5-14794 1:200;
Rab7, Sigma Aldrich R8779 1:1000; Map2,Sanbio 188004 1:1000) were diluted in blocking buffer for overnight
incubation at 4°C. Secondary antibodies conjugated to Alexa Fluor-fluorochromes (goat-anti rabbit Alexa647,
Invitrogen A21245; goat-anti rabbit Alexa555, Invitrogen A21429; goat-anti mouse Alexa555, Invitrogen A21424;
goat-anti mouse Alexa647, Invitrogen A21236; goat-anti chicken Alexa647, Invitrogen A21472), were diluted
1:2000 in blocking buffer and applied for 1 h at RT. Hoechst was used to stain the nucleus before cells were
mounted using DAKO or Mowiol fluorescent mounting medium and stored at 4°C. Samples were imaged with
Nikon NiE A1R confocal miscroscope.

Correlative Light and Electron Microscopy (CLEM)

22000 iPSCs were plated on PLO/ human laminin coated 3cm Mattek glass bottom dishes and differentiated
according to above described differentiation protocol. After 4 weeks differentiation was stopped by adding
double concentrated fixative 8% PFA + 0,4% GA in 0,1M PB (pH 7.4) to the medium (1:1), after 10 minutes the
solution was replaced by single concentrated fixative 4% PFA + 0,2% GA in 0,1M PB (pH 7.4) for 2 hours
incubation at room temperature in the dark. After this pre-fixation the sample was rinsed with 0.1M PB and
imaged with Zeiss LSM980 Airyscan. Imaged regions were marked for correlation. Immediately after imaging,
samples were fixed in 2,5% GA in 0,1M sodium cacodylate trihydrate buffer (pH 7,6) and prepared for electron
microscopy.

After overnight incubation at 4 degrees samples were rinsed with 0,1M sodium cacodylate trihydrate buffer (pH
7,6), 3 x 7 min, on ice, and then incubated with 1% osmium tetroxide, 1.5% potassium ferrocyanide (K4Fe(CN)6)
in 0.1M sodium cacodylate trihydrate buffer (pH 7.6) for 60 minutes on ice in the dark. This was followed by an
overnight incubation at 4 degrees in the dark with 0.5% uranylacetate in 25 % methanol. Next samples were
incubated en bloc with lead aspartate (Walton’s lead aspartate: 0.02 M lead nitrate in 0.03 M sodium aspartate,
pH 5.5) for 30 minutes at 60 degrees. A graded series of ethanol: 1 x 10 min each step (30, 50, 70, 80, 95%
ethanol) followed by two times 10 minutes pure ethanol, all on ice were applied for dehydration. This was
followed by infiltration and embedding with resin. Samples were polymerized for 48 hours at 60 degrees by
putting BEEM® Embedding Capsules Size 3 upside down on the marked location of the cells of interest. The
capsule was removed from the glass bottom by switching it between liquid nitrogen and 80° heating plate. The
resin block was trimmed around the cells of interest which were recognized by their morphology. 70nm
consecutive sections were cut with a Leica Ultracut S and collected on slot grids. The cells were imaged with a
TEM (JEM1400-LaB6, JEOL) operated at 80kV, equipped with an Olympus SIS Quemesa 11 MP camera, at 1kx and
10kx magnification.
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Xenotransplantation experiments

All animal experiments were approved by the local animal welfare committee. Xenotransplantation was
performed as described before>. NGN2+/rtTA+ iPSCs of the WTC-mEGFP-MAP1LC3B-cl22 line were differentiated
to neurons by doxycycline induction (250 pg/ml) for 4 days, without addition of astrocytes. These neurons were
then transplanted in immunodeficient neonatal Rag2-/- BALB/c x C57BI/6NCrl F1 hybrid mice at P1 under
cryoanesthesia. During the procedure, five 1pl injections were performed using a pulled glass pipette, bilaterally
in the anterior and posterior anlagen of the corpus callosum, and one in the cerebellar peduncle. Approximately
5-10 x 10* neurons were injected per injection site, in PBS with Fast Green FCF (Sigma-Aldrich, #F7252). Mice
were sacrificed between 4 and 8 weeks after xenotransplantation, through transcardiac perfusion with saline
followed by 4% paraformaldehyde (PFA) in PBS.

Brains were harvested and post-fixed for two hours in 4% PFA, after which they were incubated in 10% sucrose
overnight at 4°C. The following day, brains were embedded in 12% gelatin/10% sucrose solution and fixed for
another 2 hours in a 10% PFA/30% sucrose solution. They were then stored overnight in 30% sucrose solution at
4°C, after which they were sliced into 40 um slices on a freezing microtome (Leica, #SM2000R).

Immunohistochemistry

For immunohistochemical analyses, mouse brain slices were pre-incubated with blocking buffer (10% normal
horse serum (ThermoFisher, #16050122), 0.5% Triton X-100 (Sigma-Aldrich, #T8787) in PBS). Afterwards, primary
antibody staining (ALDH1L1, Abcam #ab871170 1:250; S100B, Synaptic Systems #287006 1:250; GFP, Abcam
#ab13970 1:1000; Stem121, Takara #Y40410 1:500) was performed in staining buffer (2% normal horse serum,
0.5% Triton X-100 in PBS) for 48 hours at 4°C. Secondary antibody staining (CY3-AffiniPure Donkey anti-Mouse
IgG, #715165151; Alexa Fluor 488-AffiniPure Donkey anti-Chicken 1gG, #703545155; Alexa Fluor 647-AffiniPure
Donkey Anti-Rabbit IgG #711605152; all Jackson Immunoresearch) was also performed in staining buffer for 2
hours at room temperature, followed by mounting in Mowiol 4-88 (Merck, 81381). Samples were imaged on a
Zeiss LSM 800 confocal microscope.

Particle quantification & Statistics

FlJI software was used to quantify particles in astrocytes. Threshold to detect fluorescent particles was set for
each experiment individually for an image of untreated cells and remained the same throughout the different
conditions tested within this specific experiment. GFAP-positive cells containing at least one fluorescent particle
were selected. To reduce the chance that background signal is quantified particles were only count when they
were at least 0.2 pm? or bigger. Statistical analysis of the obtained data was performed using GraphPad Prism 8
(GraphPad Software, Inc., CA, USA). We first determined whether data were normally distributed. We tested
statistical significance for different experimental conditions by one-way ANOVA. Individual samples were
compared using Sidak’s or Dunnett’s multiple comparisons test. When only two conditions were compared, we
used unpaired t test. For not normally distributed data, we applied Kruskal-Wallis test combined with Dunn’s or
Sidak’s multiple comparison test. Results with P values lower than 0.05 were considered as significantly different
(*), P<0.01 (**), P <0.001 (***), P <0.0001 (****).
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