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TDP-43 seeding induces cytoplasmic aggregation
heterogeneity and nuclear loss of function of TDP-43
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e Amyloid-like fibrils trigger TDP-43 cytoplasmic aggregation
and nuclear loss of function

e Seeded TDP-43 aggregates recapitulate key disease
hallmarks in human neurons

e TDP-43 pathology yields a unique transcriptomic signature
and splicing defects

e Progressive degradation of TDP-43 aggregates induces
pathological heterogeneity
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In brief

Rummens et al. demonstrate that
amyloid-like fibrils trigger TDP-43
aggregation and nuclear depletion, key
hallmarks of neurodegenerative
disorders. This provokes a unique
transcriptomic signature with RNA
splicing defects, including disease-
specific cryptic splicing in human cells.
Over time, fibril-induced TDP-43
pathology recapitulates distinct
aggregate shapes and causes toxicity in
iPSC-derived neurons.
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SUMMARY

Cytoplasmic aggregation and nuclear depletion of TAR DNA-binding protein 43 (TDP-43) are hallmarks of
several neurodegenerative disorders. Yet, recapitulating both features in cellular systems has been chal-
lenging. Here, we produced amyloid-like fibrils from recombinant TDP-43 low-complexity domain and
demonstrate that sonicated fibrils trigger TDP-43 pathology in human cells, including induced pluripotent
stem cell (iPSC)-derived neurons. Fibril-induced cytoplasmic TDP-43 inclusions acquire distinct biophysical
properties, recapitulate pathological hallmarks such as phosphorylation, ubiquitin, and p62 accumulation,
and recruit nuclear endogenous TDP-43, leading to its loss of function. A transcriptomic signature linked
to both aggregation and nuclear loss of TDP-43, including disease-specific cryptic splicing, is identified.
Cytoplasmic TDP-43 aggregates exhibit time-dependent heterogeneous morphologies as observed in pa-
tients—including compacted, filamentous, or fragmented—which involve upregulation/recruitment of pro-
tein clearance pathways. Ultimately, cell-specific progressive toxicity is provoked by seeded TDP-43 pathol-
ogy in human neurons. These findings identify TDP-43-templated aggregation as a key mechanism driving
both cytoplasmic gain of function and nuclear loss of function, offering a valuable approach to identify mod-
ifiers of sporadic TDP-43 proteinopathies.

INTRODUCTION (AD) and limbic-predominant age-related TDP-43 encephalopa-

thy (LATE).*®

Cytoplasmic aggregation and nuclear clearance of TAR DNA-
binding protein 43 (TDP-43) are key pathological hallmarks of
several age-related neurodegenerative conditions.’? Cyto-
plasmic inclusions of TDP-43 accumulate in neurons and glia
of ~97% of amyotrophic lateral sclerosis (ALS) and ~45% of
frontotemporal dementia (FTD) cases,® as well as a number of
other neurodegenerative diseases such as Alzheimer’s disease

Gheck for
Updates

TDP-43 is a predominantly nuclear RNA-binding protein
that plays fundamental roles in RNA metabolism, including tran-
scription, splicing, RNA transport, and translation.®'° TDP-43
harbors a C-terminal low-complexity domain (LCD) that facili-
tates its de-mixing through liquid-liquid phase separation
(LLPS)."""2° Recent findings suggest that TDP-43 LLPS fine-
tunes its binding to RNA targets, regulating its normal functions
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Figure 1. Fibril-induced cytoplasmic aggregation of TDP-43 in human cells
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(A) Schematics of TDP-43 structure. NLS, nuclear localization signal; RRM, RNA recognition motif; LCD, low-complexity domain.
(B) Coomassie-stained SDS-PAGE of purified recombinant TDP-43 LCD (amino acid [aa] 267-414).
(C) Electron micrographs of TDP-43 LCD fibrils. Scale bar overview: 500 nm; close up: 100 nm.

(D) Electron micrograph of sonicated TDP-43 LCD fibrils. Scale bar: 100 nm.

(E) Distribution of fibril seed length (nm) (300 seeds from 3 batches). Red curve: Gaussian fit.
(F) Experimental outline to model TDP-43 pathology in U20S cells expressing TDP-43™N-S_Clover upon doxycycline induction (left) or naive U20S cells (right).
(G) Immunostaining of TDP-43™NS_Clover (green), phospho-TDP-43 (yellow), and DAPI (blue) in TDP-43™NS_Clover cells 1 day post-seed exposure (50 nM).

Scale bar overview: 25 um; close up: 10 pm.
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in RNA processing.'®?" On the other hand, TDP-43 LCD is highly
aggregation-prone,?>2* and phase-separated droplets have
been proposed to act as reaction centers for the formation of
pathological aggregates.''*>"

In the central nervous system (CNS) of ALS and FTD patients,
TDP-43 is depleted from the nucleus and accumulates in the
cytoplasm where it forms detergent-insoluble, ubiquitinated,
and hyperphosphorylated inclusions.’?® Hence, both TDP-43
loss of function in the nucleus and gain of toxicity in the cytoplasm
are thought to drive disease pathogenesis. Interestingly, post-
mortem studies reveal extensive heterogeneity in morphology,
subcellular localization, and composition of TDP-43 inclu-
sions,”*! whereby pathology progresses in a stereotypical
manner from the site of initiation to anatomically connected brain
regions.*>** Accumulation of insoluble TDP-43 was recently re-
ported in cells®*~° and transgenic mouse models®®>° through
exposure to patient brain extracts, suggesting that pathology in
TDP-43 proteinopathies propagates in a self-templating and
prion-like fashion.

Despite recent progress, the molecular mechanisms that drive
TDP-43 pathology remain poorly understood. This is in part due
to the paucity of systems that reliably recapitulate both nuclear
depletion and cytoplasmic aggregation of TDP-43. In this study,
we exploit the concept of templated aggregation to establish
cellular models mimicking key features of human TDP-43
proteinopathies.

RESULTS

TDP-43 LCD assembles into amyloid-like fibrils that
seed aggregation in a cell-free assay

To recapitulate templated aggregation of TDP-43 and elucidate
the underlying mechanisms, we purified the aggregation-prone
TDP-43 LCD as a recombinant protein from overexpression in
E. coli (Figures 1A and 1B). With time and shaking, TDP-43
LCD spontaneously assembled into fibrillar aggregates, as
confirmed by transmission electron microscopy (TEM) (Fig-
ure 1C). TDP-43 LCD fibrils form long and unbranched filaments
with a mean width of 16 + 3 nm. The majority (75%) of the fila-
ments possess a helical twist with a mean periodicity of 71 +
11 nm (Figures S1A-S1D). Thin films of the end-stage aggre-
gates were positively stained with Congo red, as observed under
bright-field illumination, and showed green birefringence under
polarized light that is typical of amyloid deposits (Figure S1E).
Fourier-transform infrared (FTIR) spectroscopy further revealed
amain peak in the amide | region at 1,625 cm ™', which is typical
of amyloids, and a secondary peak around 1,660 cm~', which is
usually assigned to beta turns (Figure S1F). In addition, these as-
semblies bound to the amyloid-sensor dye thioflavin-T (ThT) as
evidenced by the strong time-dependent increase in fluores-
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cence intensity (Figure S1G). The aggregation kinetics showed
a lag phase (31 + 2 h at 24 puM of monomeric TDP-43 LCD), fol-
lowed by a rapid growth phase and plateau, typical for amyloid
formation. Sonication of the amyloid fibrils resulted in the gener-
ation of small fibril fragments with a mean length of 38 + 13 nm,
hereafter referred to as “seeds” (Figures 1D and 1E). Finally, we
investigated whether these fragmented fibrils could seed
aggregation of monomeric TDP-43 LCD in a molar ratio of 1:20
(monomeric units). Exposure to fragmented fibrils did indeed
accelerate aggregation of TDP-43 LCD, effectively removing
the lag phase (Figure S1H). The end-stage ThT fluorescence in-
tensity upon seeding correlated with the concentration of mono-
mer. This demonstrates that recombinant fibrils of TDP-43 LCD
seed amyloid aggregation in a cell-free environment as previ-
ously reported.'”?’

Fibril-induced cytoplasmic aggregation of TDP-43 in
human cells

To test whether recombinant TDP-43 LCD fibrils seed aggrega-
tion of cytoplasmic TDP-43 in cultured cells, sonicated fibril frag-
ments (seeds) were introduced by liposome-based transfection
into human cells that ectopically express cytoplasmic TDP-43
(Figure 1F, left). We used a genetically engineered U20S cell
line that expresses fluorescently tagged TDP-43 with a disrupted
nuclear localization signal (TDP-43™N'S-Clover) in a doxycy-
cline-inducible manner'" (Figures S2A and S2B). In normal con-
ditions, TDP-43™NS_Clover displays a diffuse distribution—pre-
dominantly in the cytoplasm—as well as reversible condensates
via LLPS.""“° However, 1 day after seed exposure, fibril-treated
cells accumulated TDP-43™N'S_Clover aggregates (Figure 1G).
Interestingly, these inclusions were immunopositive for the
phosphorylated form of TDP-43 at serine 409/410 (phospho-
TDP-43) (Figure 1G), a key feature of pathological inclusions
found in ALS/FTD patients. Quantification of cells with phos-
phorylated TDP-43 inclusions—as well as the size of these inclu-
sions—in response to different seed concentrations revealed a
dose-dependent effect (Figures 1TH and S2C-S2F), with up to
31% = 3.7% of the cells accumulating phosphorylated TDP-
43™NLS_Clover aggregates.

To further determine whether recombinant TDP-43 LCD fibrils
can also seed endogenous nuclear TDP-43 in absence of over-
expression of cytoplasmic TDP-43, we exposed naive human
U20S cells to the seeds using the same paradigm (Figure 1F,
right). Interestingly, 1-day seed exposure led to cytoplasmic in-
clusions of endogenous TDP-43 that were phospho-TDP-43 im-
munopositive, while no inclusions were observed in naive cells
that were not exposed to seeds as revealed by immunostaining
(Figure 11). The number and size of these phosphorylated TDP-
43 inclusions correlated with seed concentration, with up to
23% + 2.6% of cells harboring cytoplasmic phospho-TDP-43

(H) Percentage of cells with phospho-TDP-43 inclusions upon dose response of seeds in TDP-43™N"S_Clover cells (related to G). Data point colors indicate 3

experiments. Mean + SD. Dunnett’s one-way ANOVA (*p < 0.05; ***p < 0.0001).

(I) Immunostaining of endogenous TDP-43 (red), phospho-TDP-43 (yellow), and DAPI (blue) in naive U20S cells 1 day post-seed exposure (100 nM). Scale bar

overview: 25 um; close up: 10 um.

(J) Percentage of naive cells with phospho-TDP-43 inclusions upon seed dose response (related to I). Data point colors indicate 3 experiments. Mean + SD.

Dunnett’s one-way ANOVA (**p < 0.01; ***p < 0.0001).
See also Figures S1-S3.
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Figure 2. Fibrils induce TDP-43 aggregates with distinct morphologies and biophysical properties

(A) Experimental outline of non-dividing TDP-43™-S_Clover cells exposed to 50 nM seeds and followed with time by FRAP and FLIM analyses.

(B) Immunostaining of TDP-43™\'S_Clover (green), phospho-TDP-43 (yellow), and DAPI (blue) with compacted/filamentous/fragmented morphologies after
8 days. Scale bar: 10 pm.

(C) FRAP on liquid condensates or seed-induced aggregates of TDP-43™N'S_Clover (green). Red circle: laser-stimulated area. Scale bar overview: 10 um; close
up: 2 um.

(legend continued on next page)
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inclusions (Figures 1J and S2G-S2l). Hence, these data demon-
strate that recombinant TDP-43 LCD fibril seeds also induce
templated aggregation of endogenous TDP-43 in cells where
TDP-43 is predominantly nuclear and that increased accumula-
tion of cytoplasmic TDP-43 prior to fibril exposure is not required
to seed endogenous wild-type TDP-43. Yet, a modest decrease
in seeding efficiency was observed in naive versus TDP-43™NLS.
Clover cells (23% versus 31% at 125 nM seeds), suggesting that
mislocalization/increased levels of TDP-43™NS in the cytoplasm
might render the protein more susceptible to seeded aggrega-
tion. Interestingly, recombinant TDP-43 LCD fibrils specifically
seed aggregation of TDP-43, but not other ALS-linked RNA-
binding proteins (FUS and hnRNPA2/B1) whose nuclear localiza-
tion and expression pattern were not altered by the seeds
(Figures S3A and S3B).

Given that the fibrils are histidine (His) tagged, we further
immunostained the seeded cells with a poly-His antibody and
found that recombinant His-tagged TDP-43 LCD seeds were de-
tected inside TDP-43™-S_Clover aggregates at 24 h post-seed
exposure, but this was lost with time (Figure S3C). It is worth
noting that the anti-His antibody staining reveals cross-reactivity
with endogenous nuclear proteins, as previously reported,*’
further preventing evaluating the potential presence of His-
TDP-43-LCD fibril seeds within the nucleus.

Overall, these data demonstrate that recombinant TDP-43
LCD fibrils specifically induce cytoplasmic hyperphosphorylated
TDP-43 aggregates in human cells in a dose-dependent manner,
thus supporting a prion-like model wherein TDP-43 aggregation
occurs in a templated fashion.

Fibrils induce TDP-43 aggregates with distinct
morphologies and biophysical properties

Fibril-induced aggregation in TDP-43™N-S_Clover-expressing
cells was initiated shortly after seed exposure (the first aggre-
gates appearing within 2-3 h) and the number of cells with
detectable TDP-43 inclusions increased steadily throughout
the first day, after which it reached a plateau, as demonstrated
by time-lapse fluorescence microscopy (Figure S3D). To investi-
gate TDP-43 aggregation in non-dividing cells in a time-depen-
dent manner, we further assessed how seeded inclusions evolve
for a period of 8 days upon continuous expression of cyto-
plasmic TDP-43 and cell proliferation inhibition (Figure 2A). Pro-
longed aggregation resulted in a drastic increase in the size of
aggregates that frequently occupied the entire volume of the
cytoplasm (Figure 2B). Importantly, a range of different aggre-
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gate morphologies was produced with time. Three types could
be distinguished: “compacted aggregates” that contain a dense
core in the center, “filamentous aggregates” that present as a
meshwork of filaments without a clear core, and “fragmented
aggregates” that consist of small individual fragments (Fig-
ure 2B). It is important to note that this is a general classification,
and there is still significant heterogeneity within each class.

We subsequently assessed the dynamic properties of the
different types of TDP-43™N-S_Clover aggregates using fluores-
cence recovery after photobleaching (FRAP). As previously re-
ported,*® in control condition, TDP-43™-5_Clover forms spher-
ical condensates/droplets in the cytosol, which have liquid
properties, as revealed by the fast recovery of the Clover fluores-
cence upon photobleaching (half-time [t4/5] of 13 s) (Figures 2C
and 2D). In contrast, the three types of “aged” seeded-TDP-
43™NS_Clover inclusions were solid-like as no fluorescence re-
covery was observed upon photobleaching of the compacted,
filamentous, or fragmented aggregates (Figures 2C and 2D). To
assess whether dynamics of fibril-induced TDP-43™N-S-Clover
inclusions evolved over time, FRAP measurements were per-
formed at 6 h, 24 h, and 8 days after seed exposure. Early-
formed TDP-43 inclusions that were present at 24 or even 6 h
after seeding also showed negligible recovery after photo-
bleaching, similar to aged aggregates (Figure 2E), suggesting
that they rapidly display solid-like properties.

To determine if the dynamic properties of fibril-induced aggre-
gates of wild-type TDP-43 are similar to those containing TDP-
43™S_Clover, we co-transfected TDP-43"T-Clover with the
recombinant TDP-43 LCD seeds in naive U20S cells (Fig-
ure S4A). In control conditions, TDP-43"T-Clover is predomi-
nantly present in the nucleus. However, in the presence of the
seeds, TDP-43""-Clover formed cytoplasmic inclusions that
were hyperphosphorylated within 24 h (Figures S4B and S4C).
FRAP measurements demonstrated that while nuclear conden-
sates in control cells displayed liquid-like properties (recovery
of 72% with t1,, = 15.5 s), fibril-induced cytoplasmic TDP-
43"T_Clover inclusions were solid-like (Figures S4D and S4E),
similar to TDP-43™N"S_Clover inclusions (Figures 2C-2E).

The fluorescence lifetime of fluorophores can probe for
changes in the microenvironment of a protein.* To investigate
specific properties of Clover-tagged TDP-43 in fibril-induced
cytoplasmic aggregates, such as their density/crowding, we
performed fluorescence lifetime imaging microscopy (FLIM) on
TDP-43™NLS_Clover-expressing U20S cells in control conditions
or at 1 or 8 days post-fibril exposure (Figures 2F-2H). We applied

(D) Mean fluorescence intensity at the bleached area over time for different types of aggregates/condensates at 8 days. Nonlinear regression curve fitted to FRAP
data from condensates (dotted line). At least 10 aggregates/condensates per condition from 3 experiments. Mean + SD.

(E) Mean fluorescence intensity at the bleached area over time for aggregates/condensates at 6 h, 1 day, and 8 days. Nonlinear regression curves fitted to FRAP
data from condensates (dotted lines). At least 10 aggregates/condensates per condition from 3 experiments. Mean + SD.

(F) Phasor plots representing fluorescence lifetime distributions for each condition (no seeds, 1 and 8 days after seeds). Based on at least 25 images per condition
from 3 experiments. Vertical dotted line (red) indicates photon-weighted center of mass of the phasor plot in control conditions (no seeds).

(G) Pseudo-colored lifetime images of control cells and cells at 1 or 8 days post-seed exposure. Colors represent Clover lifetime (see color scale). Numbers
indicate TDP-43-Clover condensation state (1: diffuse; 2: droplets, 3: aggregates). Symbols indicate aggregate shapes (+, compacted; #, filamentous; *, frag-
mented). Scale bar overview: 10 um; close ups: 3 um.

(H) Mean fluorescence lifetime (TauM at photon-weighted center of mass of the corresponding phasor plot) of TDP-4: -Clover in either (1) diffuse state
(no seeds), (2) condensates (no seeds), or (3) aggregates (+ seeds), at 1 or 8 days post-seed exposure. Data points are individual cells from 3 experiments
(different shapes represent separate experiments). Mean + SD. Dunnett’s one-way ANOVA (*p < 0.01, ***p < 0.001, ****p < 0.0001).

See also Figure S4.
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the phasor analysis approach to FLIM to visualize the complex
nature of TDP-43 aggregation, whereby each count in the phasor
histogram provides lifetime information corresponding to
one pixel in the image.”*** When all lifetime data for each of
the experimental conditions were combined in a single phasor
plot, an overall shift in the fluorescence lifetime could be de-
tected upon fibril seeding, reflecting the appearance of a new
TDP-43-Clover species with a shorter lifetime (Figure 2F). In con-
trol conditions, we observed that the fluorescence lifetime of
TDP-43™N-S_Clover was significantly reduced in cytoplasmic
TDP-43 droplets, compared with diffuse pools, confirming that
this represents a more “condensed” TDP-43 state (Figures 2G
and 2H). Importantly, when TDP-43™-S_Clover accumulated
in aggregates upon fibril exposure at 1 or 8 days after seed expo-
sure, its fluorescence lifetime was further decreased (10%
reduction compared with diffuse TDP-43™N-5_Clover), regard-
less of aggregate morphology (Figures 2G and 2H). Likewise,
FLIM analysis of TDP-43"T-Clover cells showed similar results,
whereby reduced fluorescence lifetimes are associated with sol-
uble-to-liquid and even more so with liquid-to-solid phase tran-
sition (Figures S4F-S4H). Hence, FLIM can accurately sense
condensation/aggregation state of fluorescently tagged TDP-
43 in cells, and fibril-induced cytoplasmic TDP-43 aggregates
have biophysical properties that are distinct from soluble
TDP-43.

Fibril-induced nuclear depletion and loss of function of
TDP-43 in human cells
We next assessed whether nuclear TDP-43 depletion is also
recapitulated in our cellular models. Nuclear endogenous TDP-
43 levels were significantly reduced upon aggregation in seeded
cells expressing cytoplasmic TDP-43™NS_Clover (Figures 3A-
3C), as well as in naive cells containing uniquely endogenous
TDP-43 inclusions (Figures 3D-3F), as evaluated by immunoflu-
orescence. Nuclear depletion in the engineered model was more
pronounced in cells wherein the entire pool of cytoplasmic TDP-
43™NS_Clover was present in the aggregated state (“full aggre-
gation”), compared with cells in which only a proportion of cyto-
plasmic TDP-43™N'S_Clover aggregated (“partial aggregation”)
(Figure 3C). Time-lapse fluorescence microscopy further re-
vealed that TDP-43 LCD seeding induced first aggregation of
cytoplasmic TDP-43™N-S_Clover, followed by depletion of the
TDP-43™N-S_Clover pool from the nucleus (Figure S5A).

TDP-43 is an essential regulator of RNA splicing and during
disease nuclear TDP-43 depletion leads to aberrant incorpora-
tion of cryptic exons in mRNA transcripts,”>*® such as the
FTD-ALS risk gene UNC13A.*"+*® Fibril seed exposure in both
naive and TDP-43™N-S_Clover-expressing U20S cells resulted
in cryptic exon inclusion in UNC13A within 2 days, as detected
by RT-PCR, while these cryptic transcripts were not present in
control cells that were not exposed to seeds (Figure 3G).
Likewise, cryptic exon inclusion upon seed exposure was specif-
ically detected in the six other known TDP-43 splicing targets
that we tested’: HDGFL2, GPSM2, ATG4B, EPB41L4A,
PFKP, and AGRN (Figure 3G).

In order to elucidate transcriptomic alterations caused by both
gain and loss of TDP-43 function, image-based fluorescence-
activated cell sorting (FACS) of cells with or without aggregates
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(based on diffusivity of TDP-43™NS_Clover signal) was per-
formed (Figures 3H, S5B, and S5C), followed by RNA
sequencing (RNA-seq). RNA profiles from cells with and without
aggregates displayed highly distinct transcriptomic profiles, as
revealed by the principal-component analysis (PCA) (Fig-
ure S5D). Differential splice junction analysis of the two sorted
cell populations further confirmed RNA splicing changes associ-
ated with a loss-of-function signature in the TDP-43™N-S-Clover
aggregate-containing cells (Figure 3H). Comparison of our data-
set with a previously published list of cryptic exons produced in
HelLa cells upon TDP-43 knockdown*® confirms 33 cryptic
splicing junctions that are specifically recapitulated in cells with
fibril-induced TDP-43™-S_Clover aggregates (corresponding
to 28/41 cryptic exons previously reported in TDP-43-KD HelLa
cells) (Figure 3H; Table S1).

Altogether, these findings demonstrate that exposure to
amyloid-like TDP-43 fibrils is sufficient to induce nuclear loss
of TDP-43 function along with its aggregation in the cytoplasm,
hence recapitulating two major hallmarks of human TDP-43
proteinopathy.

Time-dependent degradation and clearance of fibril-
induced TDP-43 aggregates

To elucidate pathways that are dysregulated by TDP-43 aggre-
gation and nuclear depletion, we applied differential gene
expression (DEG) analysis to the RNA-seq dataset obtained
from cells with and without TDP-43™N'S_Clover aggregates (Fig-
ure 3H, left). TDP-43 cytoplasmic aggregation and nuclear
depletion in our cell model resulted in widespread transcriptomic
changes (6,142 and 6,243 genes were upregulated and downre-
gulated, respectively) (Figures 4A and 4B; Table S2). Among the
most significantly upregulated genes is GPNMB (Figures 4A and
4B), which was recently also found to be strongly upregulated in
postmortem ALS spinal cord*® and which is increased at the pro-
tein level in spinal cord, cerebrospinal fluid (CSF), and serum of
ALS patients.**°" Interestingly, genes associated with neurode-
generative diseases, but also proteostasis- and metabolism-
related genes, were found to be highly upregulated in TDP-43
aggregate-containing cells (Figure S5E). In contrast, transcripts
encoding several known TDP-43-binding targets (including
TIMP3, USP13, and STMN2%) were found to be downregulated
in cells with TDP-43 aggregates, further strengthening that fibril
treatment not only induces TDP-43 gain of toxicity but also loss
of function (Figure 4A).

Cytoplasmic TDP-43 inclusions that accumulate in the CNS of
ALS and FTD patients are ubiquitinated’ and co-localize with the
ubiquitin-binding protein p62,° which acts as a cargo receptor
to shuttle substrates to the autophagosome and proteasome.
Interestingly, SQSTM1—the gene encoding p62—was found to
be highly upregulated (log, fold change [I2fc] = 2.6) in cells with
fibril-induced TDP-43 aggregates (Figures 4A and 4B). More-
over, we demonstrate that seeded TDP-43™N-S inclusions are
positively immunolabeled with antibodies recognizing poly-ubig-
uitin and p62. Each marker co-localized with 1-day-old TDP-43
inclusions, as well as with more “mature” 8-day-old TDP-43 ag-
gregates (Figure 4D). Of note, p62 could be detected in forming
TDP-43 inclusions as soon as 6 h after seed exposure, indicating
that this is an early event (Figure S6A). Likewise, fibril-induced
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Figure 3. Fibril-induced nuclear depletion and loss of function of TDP-43 in human cells
(A) Experimental outline of TDP-43™"-S-Clover U20S cells 2 days post-seed exposure (50 nM) and further analyzed by immunostaining, RT-PCR, and RNA-seq.
(B) Immunostaining of total TDP-43 (white), phospho-TDP-43 (yellow), and DAPI (blue) in TDP-43™N'S_Clover U20S cells. Red arrows indicate TDP-43™N-S-

Clover inclusions. Scale bar overview: 100 um; close up: 20 pm.

(C) Mean nuclear TDP-43 intensity in cells with full (red) and partial (orange) TDP-43™N-S_Clover aggregation or without aggregates (green). Data points are nuclei

from 3 experiments. Mean + SD. Unpaired t test (****p < 0.0001).

(D) Experimental outline of naive U20S cells 2 days post-seed exposure (100 nM) and further analyzed by immunostaining and RT-PCR.
(E) Immunostaining of endogenous TDP-43 (white), phospho-TDP-43 (yellow), and DAPI (blue) in naive U20S cells. Red arrows indicate TDP-43 inclusions. Scale

bar overview: 100 um; close up: 20 pm.

(F) Mean nuclear TDP-43 intensity in cells with aggregates (red) or without aggregates (green). Data points are nuclei from 3 experiments. Mean + SD. Unpaired t

test (***p < 0.0001).

(G) RT-PCR analysis of de novo cryptic RNA transcripts in naive or TDP-43™\"S_Clover cells 2 days post-seed (or control buffer) exposure. GAPDH transcript was

used as control.

(H) TDP-43™NS_Clover U20S cells with and without aggregates, respectively, isolated using image-based FACS 2 days post-seed exposure, followed by RNA-
seq to identify RNA splicing changes (left). Visualization of cryptic exons located in UNC13A, HDGFL2, GPSM2, ATG4B, EPB41L4A, PFKP, and AGRN genes.
RNA-seq reads from cells without aggregates (top, blue) or with aggregates (bottom, purple) are aligned to the hg38 genome (reads from 3 experiments). Cryptic
exons (red arrows) are specifically detected in cells with aggregates. Gene annotations are shown below in blue, labeling exons (thick) and introns (thin) (right).

See also Figure S5 and Table S1.

aggregates of TDP-43"T-Clover were also ubiquitin and p62
positive (Figures S6E and S6F).

Multiple pathways of cellular proteostasis have been proposed
to play a role in the degradation of TDP-43 aggregates.®* " Over
75% of known proteasomal subunits were found to be upregu-
lated at the transcriptomic level in the seeded cells, along
with lysosomal and heat shock proteins (HSPs) (Figure 4C;
Tables S3-S5), but also autophagy-related genes were differen-
tially expressed (upregulated or downregulated) upon TDP-43
aggregation (Figure 4C; Table S6). We subsequently assessed

the localization of components of the proteostasis machineries
(Figures 4E, 4F, and S6). Proteasomal markers PSMA1 and
PSMC4 —subunits of the core and regulatory proteasome com-
plex, respectively —co-localized with TDP-43™NLS_Clover inclu-
sions (Figures 4E and S6B), and lysosomal LAMP1-positive ves-
icles strongly accumulated in the proximity of 1- or 8-day-old
TDP-43™-S_Clover aggregates (Figures 4F and S6C). In
contrast, EEA1—a marker of early endosomes —did not accumu-
late around aggregates (Figure S6D). In line with these findings, in
seeded naive cells, PSMA1 also co-localized with fibril-induced
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TDP-43"T-Clover aggregates (Figure S6G), while the lysosomal
re-localization was less evident around the wild-type compared
with mutant TDP-43-containing aggregates (Figure S6H). Over-
all, these findings suggest that fibril-induced aggregation of
TDP-43 rapidly results in sustained recruitment of protein degra-
dation machinery.

To directly test whether seeded TDP-43 aggregates undergo
degradation with time, we quantified the number of cells
harboring TDP-43 aggregates—as well as the morphology of
those aggregates —at fixed time points after seeding (Figure 5A).
We find that the proportion of distinct morphologies of seeded
TDP-43 aggregates changes with time (Figures 5A-5D). While
at 2 days post-seeding the compacted shape represents most
of the aggregates (97%), by 5 and 8 days only 60% and 39%
of the aggregates are compacted, respectively, and have typi-
cally acquired a “star-shaped” morphology. Instead, large ag-
gregates consisting of intricate filamentous networks appear at
5 days (31%) along with aggregates with a more fragmented
morphology (9%), the latter of which represented 20% of the ag-
gregates by 8 days, suggesting potential active degradation
(Figures 5A-5D). Interestingly, treatment of seeded TDP-
43™NLS_Clover cells with proteasome inhibitors bortezomib or
MG-132 was sufficient to prevent these time-dependent
morphological changes in aggregates (Figures S7A and S7B).
Indeed, aggregates that were continuously treated with low
doses of bortezomib or MG-132 mostly remained small and
compacted up to 6 days after seeding. These findings support
that different types of aggregates recapitulated in our model
represent different degradation stages and suggest that these
time-dependent morphological changes are at least partially
mediated by the proteasomal machinery.

Despite the obvious transition in morphology of the aggre-
gates over time, no clear reduction in the number of aggre-
gate-containing cells could be detected when constitutive
expression of TDP-43™NLS_Clover was maintained (Figure 5C).
Therefore, we took advantage of the doxycycline-regulatable
expression system to restrict expression of TDP-43™N-S-Clover
in time (Figure 5E). When expression was restricted to 2 days, the
number of aggregate-containing cells was reduced at day 5 after
seeding (reduction by 26%), with a more pronounced decrease
at day 8 (reduction by 73%) (Figures 5F and 5G), whereby
more than half of the remaining aggregates displayed a frag-
mented morphology (Figure 5H). A 2-day period of live imaging
of TDP-43™-S_Clover aggregates (starting at 7 days post-seed-
ing) confirmed active degradation of the aggregates into individ-
ual filaments, followed by smaller fragments that eventually dis-
appeared (Figure 5l).
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Fibril-induced TDP-43 pathology in cultured cell lines is
not associated with overt toxicity

As shown in Figure 5C, the percentage of cells that harbor
seeded TDP-43 aggregates remains largely unchanged over
time—at least in conditions of continuous TDP-43™NLS_Clover
expression and cell-cycle inhibition. However, the total number
of cells (regardless of whether or not cells were exposed to the
seeds) significantly reduced with time (Figures S8A and S8B),
suggesting that toxicity in this model is not related to aggregation
per se but is likely a consequence of constitutive mutant TDP-43
expression.

To evaluate the impact of TDP-43 aggregation/condensation
states on cell viability, individual TDP-43™N-S-Clover-expressing
cells were tracked for 2 days using time-lapse fluorescence im-
aging (Figure S8C). Surprisingly, cell death probability (i.e., per-
centage of cells undergoing cell death within the 2-day imaging
period) was undistinguishable between cells containing fibril-
induced aggregates versus those with diffuse TDP-43™NS_Clo-
ver (25%). However, a 2.5-fold increased cell death probability
(64%) was observed in cells containing TDP-43™-5_Clover
droplets (Figure S8D). Hence, the presence of cytoplasmic
TDP-43-Clover in a condensed state (TDP-43 droplets) is asso-
ciated with an increased cell death probability, in contrast to
cytoplasmic TDP-43 in a diffuse or aggregated state. As a result,
these cells cannot be used to study cell death mechanisms
induced by TDP-43 aggregation and/or loss of function.

Fibrils induce TDP-43 pathology in human iPSC-derived
neurons in a time-dependent fashion

We next tested whether recombinant TDP-43 LCD fibrils also
recapitulate TDP-43 pathology in human neuronal cells. For
this purpose, we used human induced pluripotent stem cells
(iPSCs) with a doxycycline-inducible neurogenin-2 (NGN2) tran-
scription factor cassette that enables their differentiation into
cortical-like neurons (i3Neurons).”® These cells were genetically
engineered to stably express, close to endogenous levels,
TDP-43"T_Clover (Figures S9A and S9B) and were cultured in
doxycycline-containing induction medium for 3 days to allow
their differentiation into neuronal precursor cells (NPCs), fol-
lowed by culturing in neuron medium for further neuronal
maturation (Figure 6A). Differentiating neurons showed robust
expression of neuronal markers (NeuN, Tau, MAP2) from day 6
post-induction onward (Figure S9C). Importantly, when NPCs
were treated with TDP-43 LCD fibril seeds (250 nM, directly
added to the medium) for 2 days, this resulted in the accumula-
tion of cytoplasmic, hyperphosphorylated TDP-43"T-Clover in-
clusions in 5% of neuronal precursors (Figures 6B and 6D), but

Figure 4. Fibril-induced TDP-43 aggregation triggers upregulation and recruitment of proteostasis machinery

(A) Volcano plot of differentially expressed genes in U20S cells with TDP-43™NLS_Clover aggregates versus U20S cells with non-aggregated (diffuse) TDP-
43™S_Clover. Upregulated genes are shown in red and downregulated genes in blue.

(B) Heatmap showing expression levels of most significantly (top 50, based on p adj.) upregulated and downregulated genes with 12fc > 2 or 12fc < —2,
respectively, in cells with aggregates (n = 3) or without aggregates (n = 3). Color scale represents logo(RPKM).

(C) List of genes encoding proteasomal, lysosomal, autophagy-related, or heat shock proteins (HSPs) that are differentially expressed in cells with TDP-43-Clover
aggregates. Upregulated genes (12fc > 0.3; p adj. < 0.0001) are shown in red and downregulated genes (12fc < —0.3; p adj. < 0.0001) in blue. Established gene lists
for autophagy activation and lysosomal biogenesis52 were used as guidelines.

(D-F) Immunostaining of ubiquitin (red) and p62 (yellow) (D), proteasomal marker PSMA1 (red) (E), and lysosomal marker LAMP1 (red) (F) in TDP-43™N-S_Clover
(green) U20S cells at 1 and 8 days post-seed exposure. Scale bar overview: 25 um; close up: 10 um.

See also Figure S6 and Tables S2 and S3-S6.
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also in differentiated neurons at 5 and 7 days post-seed treat-
ment (3.4% and 2.1%, respectively), while aggregation was
completely absent from control cells at all time points (Figures
6D and S9D). Fibril-induced TDP-43"T-Clover inclusions
showed negligible fluorescence recovery upon photobleaching,
as opposed to nuclear condensates in control cells (recovery
t0 = 18.4 s), confirming that TDP-43 within neuronal inclusions
is also in an aggregated state as in U20S cells (Figures S9E
and S9F).

Fibril seed treatment also induced TDP-43 nuclear clearance
in ~30% and ~50%-55% of the iPSC-derived neurons with
TDP-43-Clover aggregates at 2 and 5-7 days post-fibril addition,
respectively, as revealed by immunostaining (Figures 6E and
S9D) and by time-lapse fluorescence imaging of TDP-43-
Clover (Figure 6F). TDP-43 nuclear clearance resulted in cryptic
splicing of UNC13A and HDGFL2 mRNAs (Figure 6G), as well as
in a reduction of stathmin-2 protein levels (46% decrease
compared with control cells) (Figures 6H and 6l), demonstrating
that exposure to TDP-43 LCD fibril seeds induces nuclear loss of
function of TDP-43 in iPSC-derived neurons.

The overall percentage of neurons with phosphorylated TDP-
43 aggregates reduced over time (Figure 6D), which was
accompanied by a transition from dense compacted inclusions
to fragmented aggregates (Figures 6B and 6C). This could sug-
gest that TDP-43"T-Clover aggregates are gradually degraded.
Accordingly, fibril-induced TDP-43"“T-Clover aggregates also
co-localized with ubiquitin and p62 (Figure S10A), as well as
with the proteasomal marker PSMC4 (Figure S10B), but no
clear accumulation of LAMP1 in/around TDP-43 aggregates
was observed (Figure S10C), consistent with our results in
naive U20S cells transfected with TDP-43"“T-Clover (Fig-
ure S6H). In contrast to our findings in U20S cells whereby
TDP-43-containing aggregates were well tolerated with no
overt toxicity, a time-dependent increased cell death was
observed in human neurons containing TDP-43 aggregates,
compared with neurons without aggregates (Figure 6J, 31%
and 60% of death in cells with aggregates, compared with
13% and 29% in control cells, at 5 and 7 days, respectively),
further confirmed by time-lapse fluorescence imaging (Fig-
ure S10D). This toxicity is likely to contribute to the time-depen-
dent reduction in the number of neurons with TDP-43 aggre-
gates observed in Figure 6D.
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Finally, we tested whether fibril seeds also induce endogenous
TDP-43 pathology in human neurons derived from parental, non-
engineered naive iPSCs (Figures 6K and S11A-S11D). Consis-
tently with our findings in the engineered neurons, fibril treatment
produced cytoplasmic phosphorylated endogenous TDP-43 in-
clusions in 5% of the cells within 2 days, whereby the percentage
of iPSC neurons with fibril-induced TDP-43 aggregates reduced
with time (3.0%, 2.9%, and 1.4% at 5, 7, and 10 days, respec-
tively) (Figures S11B and S11C). A time-dependent cell death
that is more pronounced in cells with aggregates, compared
with cells without aggregates, was observed, suggesting
that fibril-induced pathology of endogenous TDP-43 is toxic for
human neurons (Figure S11D). Notably, the onset of toxicity
occurred later than in TDP-43-Clover neurons, likely due to lower
baseline cell death in parental iPSCs, allowing us to monitor
pathology up to 10 days post-seed treatment, by which time
only 1.4% of neurons had aggregates with a reduced size
(Figures S11C and S11D).

Hence, recombinant TDP-43 LCD fibrils induce cytoplasmic
aggregation, along with nuclear loss of function of TDP-43, in hu-
man iPSC-derived neurons. This pathology is targeted for degra-
dation and associated with neuronal toxicity in a time-dependent
fashion.

DISCUSSION

Nuclear depletion and cytoplasmic aggregation of TDP-43 in
neurons and glia are key hallmarks of several neurodegenerative
diseases.?"*° We produced amyloid-like fibrils from the aggrega-
tion-prone LCD of TDP-43 and demonstrated that fragmented
TDP-43 LCD fibrils (seeds) rapidly induce mislocalization of
TDP-43 in cytoplasmic inclusions that are ubiquitinated and
phosphorylated at serine 409/410. This is consistent with our
previous effort'’ whereby fibril exposure in neuron-like cells
induced cytoplasmic de-mixing of TDP-43. Importantly, previ-
ous studies report that detergent-insoluble autopsied material
from patients with TDP-43 proteinopathy induces aggregated
and hyperphosphorylated TDP-43 in cells®*~39¢%52 and trans-
genic mice,*®*° suggesting that these extracts contain patho-
genic material (presumably TDP-43 fibrils) that seeds aggrega-
tion of cellular TDP-43. Altogether, these findings strongly
support a prion-like paradigm wherein TDP-43 aggregation

(B) Immunostaining of TDP-43™"S_Clover (green), phospho-TDP-43 (yellow), and DAPI (blue) at 2, 5, and 8 days post-seed exposure. Symbols indicate
aggregate shapes (compacted: orange arrowhead; filamentous: green arrow; fragmented: white star). Scale bar: 50 pm.
(C) Percentage of cells with TDP-43™N-S_Clover aggregates over time. Data points represent quantifications from 3 experiments. Mean + SD. Dunnett’s one-way

ANOVA (ns, non-significant).

(D) Percentage of cells with compacted (orange), filamentous (green), or fragmented (gray) aggregates with time. n represents the total number of aggregates

evaluated at each time point, from 3 experiments.

(E) Experimental outline of non-dividing TDP-43™N-S_Clover cells exposed to 50 nM seeds over time. Doxycycline was removed after 2 days of culture to restrict

TDP-43™N:S_Clover expression in time (see F-).
(F) Immunostaining of TDP-43™NS

-Clover (green), phospho-TDP-43 (yellow), and DAPI (blue) at 2, 5, and 8 days post-seed exposure. Symbols indicate

aggregate shapes (compacted, orange arrowhead; filamentous, green arrow; fragmented, white star). Scale bar: 50 um.
(G) Percentage of cells with aggregates over time. Data points represent quantifications from 3 experiments. Mean + SD. Dunnett’s one-way ANOVA (*p < 0.05;

ep < 0.0001).

(H) Percentage of cells with compacted (orange), filamentous (green), or fragmented (gray) aggregates with time. n represents the total number of aggregates

evaluated from 3 experiments.

() Time-lapse imaging of TDP-43™N-S_Clover aggregates (green), followed over time from days 7 to 8 post-seed exposure. Scale bar: 20 um.

See also Figures S7 and S8.

Neuron 7713, 1597-1613, May 21, 2025 1607




¢ CellPress

OPEN ACCESS

Neuron

A
. . S S— (DAPI, Neurofilament H,
TDP-43-Clover g ‘ iPSC platlng\ ‘ Fibril seeds ‘ Clover, Phospho-TDP-43)
\‘ L 1 il 1 1 }
- DAY -1 0 2 5 7
) 5 ) NPC NPC Neuron Neuron
NGN2-inducible hiPSC Induction medium (+ DOX) Neuron culture medium
B Merge TDP-43-Clover Phospho-TDP-43 Merge TDP-43-Clover Phospho-TDP-43 % compacted
i Close-up fragmented
d d
> >
s 3
Ql~ ~
2
o
3 n=197
Q
©
[}
(]
w w d
k) &
© ©
£1% o
£
e n=120
Q v
g g
~ ~
VE n=78
D E S .
seeds no seeds -% = 100
3 SE 80
® o &
-1:] omn = %k k * % %
o 7
@ g % 60
© -3
£ 5 S 40-
3 Q5
@ 52
3 £ 3 20+
o ; <)
X ns
EL
o L L X
= & & &
N L) A
G H Merge  TDP-43-Clover TDP-43 Stathmin-2  Stathmin-2 | T 150 .
Close-up =
+ - SEEDS (5 days) 3 =
@ c
@ g 100
e Cryptic UNC13A ' c
1 UM R
. 7 &
Cryptic HDGFL2 ES Close-up £ 50
©
L
wn
W W GAPDH (ctr) e 5
B 5pm @ 0-
9 e Aggregates: + -
+
100 K
- e cells with aggregates o . .
m cells Vv\\lllithogtgagggregates Fibril-induced endogenous TDP-43 pathology in parental iPSC-Neurons
w» 801 oxx Endogenous TDP-43 ___ Phospho-TDP-43
3 =
3 60 ; &
'g ©
* %k wn
% 40 ‘ 2
X Y T B
20 NGN2-inducible hiPSC § )
(parental) +
[
2days 5days 7 days

1608 Neuron 7713, 1597-1613, May 21, 2025

(legend on next page)



Neuron

occurs in a templated fashion. Recent cryoelectron microscopy
(cryo-EM) studies report that TDP-43 fibrils in patients with
different disease subtypes have unique amyloid structures,®*%°
and recombinant fibrils composed of the TDP-43 LCD were pre-
viously reported to acquire yet a different amyloid fold.?* Further
work is needed to unravel the functional implications of these
different amyloid structures.

TDP-43 nuclear depletion and loss of function in diseased
cells contribute to pathogenesis.®® We find that fibril seeds
trigger endogenous TDP-43 to leave the nucleus and accumu-
late in cytoplasmic aggregates not only in human cells express-
ing fluorescently labeled TDP-43 but also in naive cells. The pre-
cise underlying mechanisms remain to be elucidated. TDP-43
might be “trapped” by aggregates as it shuttles to the cyto-
plasm®”® and consequently cannot return to the nucleus,
causing gradual depletion of the nuclear TDP-43 pool. Likewise,
the newly synthesized TDP-43 might be trapped by cytoplasmic
aggregates immediately following translation, thus preventing
its nuclear import. Alternatively, aggregates could trigger
nuclear TDP-43 clearance indirectly by impairing importin
B1-mediated nucleocytoplasmic transport.’®’® Importantly,
seeding ultimately caused TDP-43 nuclear loss of function
including aberrant splicing—as revealed by cryptic exons in
mRNA transcripts, such as the FTD-ALS gene UNC13A —hence
recapitulating an essential disease feature.”’**® Furthermore,
the transcriptomic profile of cells with seeded TDP-43 pathol-
ogy highlights widespread gene expression alterations, with
upregulation of transcripts associated with neurodegenerative
diseases and proteostasis and downregulation of known TDP-
43 targets like STMNZ2. Hence, this dataset provides a valuable
resource to further map the molecular underpinnings of TDP-43
proteinopathies.

Liquid TDP-43 condensates can be converted to a gel-like/
aggregated state in response to stressors suggesting that
TDP-43 droplets may act as reaction centers for the formation
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of pathological aggregates.’' %" In contrast, fibril-induced ag-
gregates of Clover-tagged TDP-43 displayed solid-like proper-
ties by FRAP, shortly after their formation (6 h post-exposure).
Likewise, FLIM analysis demonstrated a fluorescence lifetime
shift upon fibril treatment that is indicative of a transition toward
a more condensed (aggregated) state. These data suggest that
once a first amyloid aggregate (seed) is present in the cell,
TDP-43 aggregation may propagate independently of liquid con-
densates. We previously demonstrated that recombinant aggre-
gates of full-length TDP-43 or FUS induce liquid-like TDP-43
condensates as opposed to solid aggregates,’’ potentially
because the amyloid core is buried within these full-length fibrils
and not accessible to directly seed TDP-43 aggregation.**
Hence, it would be valuable to compare fibrils produced from
different TDP-43 variants/domains. Overall, we did not observe
major differences in biophysical properties of cytoplasmic
mutant and wild-type TDP-43 aggregates. However, TDP-
43™NLS aggregates grew larger with more striking morphologies,
likely due to constant supply of cytoplasmic TDP-43.
Pathological heterogeneity is a key feature of ALS/FTD pathol-
ogy.”® Interestingly, aggregation of TDP-43-Clover induced by
recombinant fibrils eventually also resulted in distinct aggregate
morphologies. Our findings support that these various shapes
are caused by progressive degradation of TDP-43 aggregates.
First, seeded aggregation of TDP-43 resulted in upregulation
and recruitment of protein degradation pathways, in line with ef-
forts reporting activation of multiple proteostasis pathways in
TDP-43 models and postmortem patient CNS.>*""? Second,
seed treatment combined with proteasome inhibitors in our cell
model was sufficient to prevent time-dependent morphological
changes in TDP-43-Clover aggregates. Finally, suppressing
TDP-43-Clover expression promoted aggregate clearance that
was associated with increased fragmentation. Hence, our find-
ings suggest that different TDP-43 aggregate morphologies
have a common origin and represent distinct stages in the

Figure 6. Fibrils induce cytoplasmic aggregation and nuclear loss of TDP-43 in differentiating iPSC neurons in a time-dependent manner
(A) Schematic outline of the seeding assay in iPSC-derived neurons expressing TDP-43""-Clover with sonicated recombinant TDP-43 LCD seeds (250 nM)
directly added to the medium.

(B) Immunostaining of TDP-43"T-Clover (green), phospho-TDP-43 (red), NF-H (gray), and DAPI (blue) at 2, 5, and 7 days post-seed treatment. Red arrows
indicate TDP-43""-Clover aggregates. White dotted line outlines the nucleus. Scale bar overview: 25 um; close up: 10 um.

(C) Percentage of aggregates with compacted (orange) or fragmented (gray) morphology over time. n represents the total number of aggregates from 3 ex-
periments.

(D) Percentage of cells with phosphorylated TDP-43"T-Clover aggregates. Only living cells were considered for these quantifications. Data points represent
different time exposures to the seeds from 3 experiments. Mean + SD. One-way ANOVA followed by Sidak’s test (ns, non-significant; *p < 0.01).

(E) Percentage of cells with nuclear TDP-43 depletion relative to the total number of cells with aggregates. Data points represent different time exposures to the
seeds from 3 experiments. Mean + SD. Dunnett’s one-way ANOVA (**p < 0.001).

(F) 2-day time lapse of a human NPC following seed treatment. Red arrows point to TDP-4.
bar: 10 pm.

(G) RT-PCR analysis of de novo cryptic RNA transcripts (UNC13A and HDGFL2) in TDP-43"T-Clover iPSC neurons 5 days post-seed (or buffer control) treatment
(250 nM). GAPDH transcript was used as PCR control.

(H) Immunostaining of TDP-43-Clover (green), TDP-43 (red), stathmin-2 (turquoise), and DAPI (blue) at 5 days post-seed treatment. Scale bar overview: 20 pm;
close up: 5 um.

(I) Quantification of stathmin-2 intensity in neurons with or without TDP-43 aggregates based on immunostaining in (H). Mean + SD. Unpaired t test
(***p < 0.0001).

(J) Number of dead or dying neurons with (red) or without (blue) aggregates at 2, 5, or 7 days post-seed treatment (dead cells could be identified by their small and
rounded/fragmented nucleus). Data points represent 3 experiments. Mean + SD. Two-way ANOVA followed by Sidak’s test (**p < 0.01; ****p < 0.0001).

(K) Immunostaining of endogenous TDP-43 (green), phospho-TDP-43 (red), NF-H (gray), and DAPI (blue) at 5 days post-seed treatment (related to Figure S11).
Red arrows indicate TDP-43 aggregates. White dotted line outlines the nucleus. Scale bar overview: 25 pm; close up: 10 pm.

See also Figures S9-S11.

3WT_Clover aggregates. White dotted line outlines the nucleus. Scale
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degradation process. Cryo-EM to define the structure and mass
spectrometry and investigate the protein composition of
different aggregate types in our model will likely provide more
insight. Brain extracts from ALS and different FTLD subtypes
reportedly also induce distinct TDP-43 aggregate shapes in
model systems, which have been linked to the presence of
different proteopathic strains,>*"-*® although these aggregates
were not evaluated for extended periods in a time-dependent
fashion. In light of our findings, it is plausible that TDP-43 strains
from different disorders are differentially processed by the
degradation machinery in different cell types, causing distinct
presentations and progression rates of TDP-43 pathology. Addi-
tional work is thus needed to unravel the exact mechanisms un-
derlying pathological heterogeneity in patients.

Recombinant TDP-43 LCD fibrils also induced TDP-43 pathol-
ogy, including nuclear loss of function, in human iPSC-derived
neurons. These features are typically not (fully) recapitulated in
iPSC neurons with endogenous disease mutations, suggesting
that additional “hits” may be required for the development of
neuronal TDP-43 pathology.”® In contrast with U20S cells, fibrils
in cultured neurons were spontaneously uptaken (no transfec-
tion) and induced cell death, potentially reflecting increased
vulnerability to TDP-43 pathology as cells acquire a neuronal
fate. Experiments aimed at uncovering aggregation-induced
changes in the proteomic/transcriptomic landscape of neuronal
versus non-neuronal cells will thus be highly valuable. It is also
plausible that toxicity associated with TDP-43 pathology de-
pends on the maturation/developmental stage of the neurons.
Further assessment of such effects in older neuronal cultures
will be of interest. While fibril seed uptake in differentiating
TDP-43-Clover iPSC neurons was accompanied by substantial
toxicity from day 7 post-seed treatment, yielding a relatively
high baseline for cell death, this was reduced in non-engineered
parental iPSC neurons. Regardless, toxicity was consistently
more pronounced in neurons with aggregates, highlighting the
detrimental consequences of TDP-43 mislocalization and aggre-
gation on neuronal health.

The exact mechanisms that underlie mislocalization and
aggregation of TDP-43, and ultimately its nuclear depletion, in
neurodegenerative disorders remain poorly understood, partly
due to a lack of physiological cellular models that reliably recapit-
ulate TDP-43 pathology. We demonstrate that recombinant
TDP-43 LCD fibrils trigger TDP-43 gain of toxicity and loss of
function in cell lines and iPSC neurons in a reproducible fashion.
This represents a valuable model of TDP-43 pathology —partic-
ularly in the context of sporadic disease—and a powerful tool
to unravel disease mechanisms and screen potential drug
candidates.
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Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
ThermoFisher

10782-2-AP; RRID: AB_615042
829901; RRID: AB_2564934
A300-302A; RRID: AB_309445

sc-374053

H1029; RRID: AB_260015

sc-8017; RRID: AB_2762364
GP62-C; RRID: AB_2687531
PA1-963; RRID: AB_2171381

ARG43994050
H4A3

E4156; RRID: AB_609870
AB5539; RRID: AB_11212161
#67204-1-1g; RRID: AB_2882497
#MN1000; RRID: AB_2314654

#GTX133127

#NB300-213; RRID: AB_2138178
#V9131; RRID: AB_477629

711-545-152; RRID:

711-605-152; RRID
711-165-152; RRID

AB_2313584

: AB_2492288
: AB_2307443
706-605-148; RRID:
712-165-153; RRID:
715-605-151; RRID:
703-165-155; RRID:
A-21247; RRID: AB_

AB_2340476
AB_2340667
AB_2340863
AB_2340363
141778

Bacterial and virus strains

Escherichia coli BL21 STAR (DES3) cells ThermoFisher C601003
Chemicals, peptides, and recombinant proteins

DMEM Gibco 21969035
Fetal bovine serum Gibco A5256701
Matrigel VWR 734-1440
Essential 8 medium Thermofisher A2858501
PLO Sigma P4638
DMEM/F12 Gibco 11330032
N2 supplement Gibco 17502048
Non-essential amino acids Gibco 11140050
L-glutamine Gibco 25030081
Y-27632 dihydrochloride ROCK inhibitor Selleck Chemicals S1049
Doxycycline Sigma Aldrich D9891
Neurobasal Gibco 21103049
B-27 supplement serum free Gibco 17504044
Neurotrophin-3 (NT-3) ThermoFisher PHC7036
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REAGENT or RESOURCE SOURCE IDENTIFIER
Mouse laminin Gibco 23017015
BDNF PeproTech 450-02
Isopropyl-B-D-1-thiogalactopyranoside (IPTG) Merck 137064
EDTA-free protease inhibitor cocktail Roche 4693132001
Imidazole Millipore 104716
Coomassie Instant Blue Abcam ab119211
LB broth (Lennox) Sigma L3022

Tris base ThermoFisher 10103203
Sodium Chloride Sigma S7653

DTT ThermoFisher R0861
Urea Sigma U5378
MES Merck M3671
Thioflavin T (ThT) Merck T3516
Lipofectamine-3000 Invitrogen L3000001
Palbociclib ApexBio PD0332991
Bortezomib Sigma Aldrich 5.04314
MG-132 Sigma Aldrich 474790
DAPI Merck N/A
CellTracker Deep Red dye Invitrogen C34565
Cell Tracking Red dye Abcam ab269446
FluoroBrite DMEM A1896701 Gibco
Neurobasal without phenol red Gibco 12348017
TRIzol reagent Invitrogen 15596026
DNAse Invitrogen 18068015
Critical commercial assays

High-capacity reverse transcription kit Applied Biosystems 4368814
Q5 High-Fidelity DNA polymerase kit NEB M0491

innuPREP RNA mini kit 2.0

Innuscreen GmbH

845-KS-2040010

Experimental models: Cell lines

i3N iPSCs Fernandopulle et al.*® N/A
Human TDP-43mNLS-Clover inducible U20S Gasset-Rosa et al. "’ N/A
Human U20S ATCC Cat# HTB-96
Oligonucleotides

UNC13A Cryptic Forward: TGGATGGAGAGATGGAACCT IDT N/A
UNC13A Cryptic Reverse: GGGCTGTCTCATCGTAGTAAAC IDT N/A
HDGFL2 Cryptic Forward: AAGACGCCTGCGCTAAAGAT IDT N/A
HDGFL2 Cryptic Reverse: GCTTCCCTCCCTTCTGATGC IDT N/A
GPSM2 Cryptic Forward: AGTGGACATGTGGTGGTAAGAA IDT N/A
GPSM2 Cryptic Reverse: GCTTCAAAGAATGACACGCCA IDT N/A
ATG4B Cryptic Forward: TGTGTCTGGATGTGAGCGTG IDT N/A
ATG4B Cryptic Reverse: TCTAGGGACAGGTTCAGGACG IDT N/A
EPB41L4A Cryptic Forward: CAGTGTTGACGGGACAGG IDT N/A
EPB41L4A Cryptic Reverse: TGACATCGAGTCACCTTAC IDT N/A
PFKP Cryptic Forward: CTGAGCTCCGACACATCAGAAG IDT N/A
PFKP Cryptic Reverse: TCCTCCAGCAGCCCACTC IDT N/A
AGRN Cryptic Forward: CAGAGCTGCGTGTCCGTGATC IDT N/A
AGRN Cryptic Reverse: GGCTGCGGTGATATTGTCCTG IDT N/A
GAPDH Forward: GAAGGTGAAGGTCGGAGTC IDT N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

GAPDH Reverse: GAAGATGGTGATGGGATTTC IDT N/A

Recombinant DNA

pJ411_His-TDP43_LCD Addgene 98669

pLenti_CMV_TDP-43""-Clover This paper N/A

Software and algorithms

FIJI (ImageJ) NIH https://imagej.net/software/fiji/downloads

GraphPad prism GraphPad https://www.graphpad.com/
scientific-software/prism/

Harmony High-content imaging and analysis software PerkinElmer N/A

NIS Elements Advanced Research software Nikon https://www.microscope.healthcare.
nikon.com/products/software/nis-
elements/nis-elements-advanced-research

MATLAB MathWorks https://nl.mathworks.com/products/
matlab.html

Zen Black 2.3 SP1 ZEISS https://www.micro-shop.zeiss.com/en/
us/softwarefinder/software-categories/
zen-black/zen-black-system/

Symphotime software PicoQuant https://www.picoguant.com/products/
category/software

SnapGene Snapgene https://www.snapgene.com/

BioRender BioRender https://biorender.com/

Inkscape Inkscape https://inkscape.org/

Other

96-well imaging plate (PhenoPlate) PerkinElmer 6055802

Glass-bottom 8-well chamber slides Ibidi 80827

HisTrap HP column Cytiva 17524801

Superdex-200 16-600 size-exclusion column Cytiva 28989335

Akta Pure protein purification system Cytiva N/A

TEM copper grid Ted Pella Inc. 01753-F

Microplate Shaker/Incubator PV-PVC Provocell™ N/A

Branson 450 Digital Sonifier — Probe sonicator Branson N/A

Bioruptor pico Diagenode N/A

JEM 1400 elecron microscope JEOL N/A

FluoStar Omega plate reader BMG Labtech N/A

Operetta CLS microscope PerkinElmer N/A

Nikon A1R Eclipse TiE confocal microscope Nikon N/A

Zeiss LSM 880 confocal microscope Zeiss N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

Genetically engineered inducible TDP-43™N-S-Clover U20S cells were previously published.!” U20S cells were cultured in
DMEM (Gibco, 21969035) supplemented with 10% fetal bovine serum (FBS) (Gibco, A5256701) at 37°C and 5% CO,. Human i3N
iPSCs that harbor a doxycycline-inducible NGN2 transgene were a gift from Dr. Michael Ward (National Institutes of Health). iPSCs
were cultured on Matrigel (VWR, 734-1440) in Essential 8 medium (ThermoFisher, A2858501). Methods for neuronal differentiation of
i3N iPSCs were adapted from published protocols: iPSCs were plated on PLO (Sigma, P4638) in induction medium containing
DMEM/F12 (Gibco, 11330032), 1x N2 supplement (Gibco, 17502048), 1x non-essential amino-acids (Gibco, 11140050), 200 mM
L-glutamine (Gibco, 25030081), 10 uM Y-27632 dihydrochloride ROCK inhibitor (Selleck Chemicals, S1049) and 2 pg/ml doxycycline
(Sigma Aldrich, D9891) to induce differentiation. At day 3 of differentiation, induction medium was replaced with i3Neuron medium
containing Neurobasal (Gibco, 21103049) supplemented with 1x B-27 supplement serum free (Gibco, 17504044), 10 ng/ml
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neurotrophin-3 (NT-3) (Thermo Fisher Scientific, PHC7036), 1 pg/ml mouse laminin (Gibco, 23017015) and 10 ng/ml BDNF
(PeproTech, 450-02) to enable differentiation of NPCs to mature cortical-like neurons. Medium was replenished every 2-3 days.

METHOD DETAILS

Protein purification

Escherichia coli BL21 STAR (DES3) cells (ThermoFisher) were transformed with plasmid encoding the 6xHis-TDP-43 LCD construct
(Addgene #98669) and expanded to a 2L volume. Protein expression was subsequently induced with 0.5 mM isopropyl-B-D-1-thi-
ogalactopyranoside (Merck) for 4 h at 37°C and cells were collected by centrifugation. Bacteria were resuspended in lysis buffer
(20 mM Tris pH 8.0, 500 mM NaCl, 1 mM DTT, EDTA-free protease inhibitor cocktail (Roche)), lysed by sonication on ice and centri-
fuged (40 min, 30.000g, 4°C) to pellet insoluble proteins. The pellet was resolubilized in denaturing buffer (20 mM Tris pH 8.0, 500 mM
NaCl, 1 mM DTT, 8M urea) by sonication, followed by another round of centrifugation (40 min, 30.000g, 4°C). The re-solubilized pro-
teins in the supernatant were collected, filtered (0.45 um) and loaded onto an immobilized metal chelate affinity chromatography
(IMAC) HisTrap™ HP column (Cytiva) using the Akta Pure system. After washing with denaturing buffer (20 mM Tris pH 8.0,
500 mM NaCl, 1 mM DTT, 8M urea, 10 mM imidazole), the 6xHis-TDP-43-LCD protein was eluted in the same buffer with a linear
10 mM to 500 mM imidazole gradient (Millipore) and further purified over a Superdex-200 16-600 size-exclusion column (Cytiva)
in gel filtration buffer 20 mM MES pH 7.0, 8M urea). Finally, the fractions corresponding to the protein-of-interest were pooled
and exchanged into storage buffer (20 mM MES, pH 5.5) by performing multiple dilution-concentration steps. The final protein sample
was flash-frozen in liquid nitrogen and stored at -70°C at a concentration of 0.68 mg/ml (as determined by nanodrop). Each puirifi-
cation step was monitored by SDS-PAGE and Coomassie staining to visualize proteins.

Generation of recombinant TDP-43 LCD fibrils and seeds

Spontaneous fibril formation was performed by incubating recombinantly purified TDP-43 LCD protein (40 uM) in 20 mM MES (pH 5.5)
at 25°C under shaking conditions (700 rpm; Provocell™) for a period of 7 days. For seeded fibrillization, sonicated TDP-43 LCD fibrils
(“seeds”) were added to monomeric TDP-43 LCD protein (40 uM, unless stated otherwise) at a 1:20 molar ratio and this reaction was
incubated for 48 h at 25°C under shaking conditions (700 rpm). For each batch, quality of the newly generated fibrils was assessed by
transmission electron microscopy (TEM). Fibril seeds were generated by sonicating recombinant TDP-43 LCD fibrils on ice using a
probe sonicator (1 min, 50% amplitude) (Branson Digital Sonifier) and stored at -70°C. For aggregation assays in cells, seeds were
sonicated a second time prior to transfection in U20S cells using the bioruptor pico (Diagenode) for 15 min at a concentration of
10 uM, or prior to uptake in iPSC-neuronal cultures using a probe sonicator (1 min, 50% amplitude) at a concentration of 5 uM.

Transmission electron microscopy (TEM) of recombinant fibrils

To inspect morphology of TDP-43 fibrils and seeds by TEM, 6 pl of sample was spotted on a glow-discharged copper grid (01753-F,
Ted Pella Inc.). The sample was adsorbed for 1 min, followed by three water washes and negative staining with uranyl acetate (2%
w/v) for 30 s. Grids were examined using a JEM-1400 120 kV transmission electron microscope (JEOL) at an accelerating voltage of
80 kV. Quantifications of seed length, fibril width, fibril twist and helical crossover length were performed manually using Imaged.

Congo red staining of recombinant fibrils

Droplets (5 pL) of TDP43 LCD amyloid fibrils were deposited on glass slides and permitted to dry slowly in ambient conditions in order
to form thin films. The films were stained with a Congo red (Sigma) solution (5 ul of 0.1% w/v) prepared in milli-Q water for 10 min.
Washing was performed with milli-Q. Glass slides were further imaged using a brightfield microscope (ZEISS) with polarization filter.

Fourier-transform infrared spectroscopy (FTIR)

30 uL of TDP43 LCD fibril solution was loaded onto and analyzed using an Invenio FT-IR spectrometer equipped with BioATRCell Il
(Bruker). FT-IR spectra were recorded as averages of 256 spectral scans at 2 nm—1 resolution in transmission mode to improve
signal-to-noise ratio. Background correction was performed by subtracting spectrum obtained from the matching buffer (MES pH
5.5) using the OPUS software (v8.5.29).

Thioflavin-T (ThT) kinetic assays

Different concentrations of soluble TDP-43 LCD in 20 mM MES (pH 5.5) were incubated in black 384-well microplates (Greiner) and
supplemented with 25 uM ThT (T3516, Merck). ThT binding was measured over time at 25°C in a FluoStar Omega plate reader (BMG
Labtech) by excitation at 440 nm and emission at 480 nm. To assess the effect of seeding on aggregation kinetics, TDP-43 LCD
monomers were supplemented with seeds (5%) and ThT measurements were performed as described above. For each experiment,
every condition was tested in triplicates.

Seeding assay in cultured cell lines

Seeding assays were performed in genetically engineered U20S cells that overexpress TDP-43™N-S_Clover under a doxycycline-
inducible promotor'" or wild-type U20S cells. For seeding assays, cells were cultured in 96-well plates (PhenoPlate, PerkinEimer)
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(8000 cells/well), glass-bottom 8-well chamber slides (Ibidi) (30,000 cells/well) or 6-well plates (250,000 cells/well). When investi-
gating the aggregation of TDP-43™N'S_Clover, expression was induced by supplementing the culture medium with doxycycline
(1 ng/ml) (D9891, Sigma-Aldrich) for the duration of the experiment (unless mentioned otherwise). No doxycycline was added for ex-
periments in which endogenous TDP-43 aggregation was monitored. After 24 h, sonicated TDP-43 LCD fibrils were introduced into
cultured cells using Lipofectamine-3000 (Invitrogen) according to the manufacturer’s guidelines. For dose-response seeding exper-
iments, 10 different final concentrations of TDP-43 LCD seeds were tested, ranging from 0 nM to 250 nM. For other experiments, final
seed concentrations of 50 nM and 100 nM were used when assessing aggregation of TDP-43™N-S and TDP-43"T, respectively. For
“ageing” experiments in which cells with aggregates were cultured for extended periods, cell proliferation was suppressed using
reduced culture medium (containing 1% FBS) supplemented with cell-cycle inhibitor Palbociclib (1 uM, ApexBio). To evaluate
seeded aggregation of transiently expressed TDP-43-Clover, 100 nM TDP-43 LCD seeds and/or 25-50 ng TDP-43-Clover plasmids
were simultaneously transfected in U20S cells using Lipofectamine-3000, after which cells were incubated for 24 h.

Seed transfection experiment with bortezomib/MG-132 treatment

Reporter U20S cells were cultured in 6-well plates in the presence of doxycycline (1 ng/ml) (D9891, Sigma-Aldrich) to induce expres-
sion of TDP-43™NS_Clover and, 24 h later, transfected with TDP-43 LCD seeds (50 nM) using Lipofectamine-3000 reagent (Invitro-
gen). Following a 6-h incubation period with the seed transfection mix, cells were trypsinized and re-plated in a 96-well plate
(PhenoPlate, PerkinElmer) at 8,000 cells/well. By performing “bulk” seed transfection before transferring cells to 96-well plates,
we ensure that the number of seeded cells at the start of the experiment is similar in every well. 24 h after seed transfection, medium
was exchanged to reduced culture medium (1% FBS) supplemented with 4 nM Bortezomib (Sigma Aldrich) or 40 nM MG-132 (Sigma
Aldrich), or 1 uM Palbociclib (ApexBio) in control conditions. The same batch of bortezomib was used for all experiments, due to
observed batch-to-batch variability with respect to the concentration at which the reported effects on U20S cells were observed.
In each experiment, treatments were performed in duplicates or triplicates. Medium change with fresh compounds was performed
every 2 days. Doxycycline (1 ng/ml) was added to the culture medium at every step to ensure continuous TDP-43-Clover expression.

Human iPSC culture, neuronal differentiation and seeding assay

Human iPSCs expressing doxycycline-inducible neurogenin-2 (NGN2)°®"* were cultured on Matrigel-coated dishes in Essential
8 Flex (E8 flex) medium (Gibco, A2858501). To generate the stable TDP-43"VT-Clover iPSC line, iPSCs were transduced with a lenti-
virus expressing C-terminally Clover-tagged human wild-type TDP-43. Differentiation of iPSCs to i3Neurons was performed as pre-
viously described®’* with minor modifications: to avoid loss of aggregate-containing cells in response to seed treatment, iPSCs
were directly plated at day 0 on PLO-coated 8-well Ibidi slides / 12-well plates in induction medium containing DMEM/F12 (Gibco,
11330032), 1x N2 supplement (Gibco, 17502048), 1x non-essential amino acids (Gibco, 11140050), 200 mM L-glutamine (Gibco,
25030081), 10 uM Y-27632 dihydrochloride ROCK inhibitor (Selleck Chemicals, S1049) and 2 ng/ml doxycycline (Sigma Aldrich,
D9891) to induce differentiation. After 24 h, fresh induction medium supplemented with doxycycline was mixed with sonicated
TDP-43 LCD seeds (at a final concentration of 250 nM) and added to differentiating neuronal progenitor cells (NPC) for 2 days to allow
uptake. At day 3 of differentiation, induction medium was replaced with i3Neuron medium containing Neurobasal (Gibco, 21103049)
supplemented with 1x B-27 supplement serum free (Gibco, 17504044), 10 ng/ml neurotrophin-3 (NT-3) (Thermo Fisher Scientific,
PHC7036), 1 ng/ml mouse laminin (Gibco, 23017015) and 10 ng/ml BDNF (PeproTech, 450-02) to enable differentiation of NPCs
to mature cortical-like neurons. Media was replenished every 2-3 days.

Immunocytochemistry

Cells were fixed with 4% PFA in PBS for 15 min at room temperature (RT) at the indicated timepoint. After three PBS washes, cells
were permeabilized and blocked with blocking solution (U20S cells: 0.3% Triton, 3% BSA, 5% normal serum in PBS; iPSC-neurons:
3% normal donkey serum, 0.25% Tween-20 in PBS) for 1 h at RT. Cells were then incubated overnight at 4°C with primary antibody in
antibody diluent (U20S cells: 0.3% Triton, 3% BSA in PBS; iPSC-neurons: 3% normal donkey serum, 0.25% Tween-20 in PBS).
Following primary antibody dilutions were used:

Antibodies Source Identifier Dilution
TDP-43 ProteinTech 10782-2-AP 1/500
Phospho-TDP-43 BioLegend 829901 1/500
FUS Bethyl Laboratories A300-302A 1/500
hnRNPA2/B1 Santa Cruz sc-374053 1/500
Polyhistidine Sigma Aldrich H1029 1/500
Ubiquitin Santa Cruz sc-8017 1/500
p62 Progen GP62-C 1/500

(Continued on next page)
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Antibodies Source Identifier Dilution
PSMA1 Invitrogen PA1-963 1/500
PSMC4 Arigo Biolaboratories ARG43994 1/100
LAMP1 DSHB H4A3 2.5 pg/mi
EEA1 Sigma Aldrich E4156 1/200
Neurofilament H Merck AB5539 1/500
Stathmin-2 Proteintech 67204-1-Ig 1/200
Tau Invitrogen MN1000 1/500
NeuN Genetex GTX133127 1/200
MAP2 Novus Bio NB300-213 1/1000

After ON incubation with primary antibody, the sample was washed three times with PBS. Next, cells were incubated with
Alexad88-, Cy3- or Alexab47-labelled secondary antibodies (Jackson ImmunoResearch) at 1/500 in antibody diluent for 1 h at RT.
Three additional PBS washes were performed and cells were incubated with DAPI (1 ug/ml in PBS; Merck) for 15 min at RT. After
a final PBS wash, samples were preserved in PBS at 4°C.

Imaging and quantification of TDP-43 aggregation/mislocalization

Image acquisition for quantification of seeded aggregation in U20S cells was performed in 96-well plates (Phenoplate, PerkinElmer) by
high-contentimaging using the Operetta CLS (PerkinElmer). For each well, 17-21 images were acquired as Z-stacks using a 20X (NA 1.0)
or 40X (NA 1.1) water-immersion objective. Confocal image acquisition was performed using a Nikon TiE A1R laser-scanning confocal
microscope equipped with an HD resonant scanner. The system utilized a 403 nm (diode, 130 mW), 488 nm (diode, 50 mW), 561 nm
(diode, 50 mW), and 640 nm (red diode, 100 mW) lasers. Emission filters were configured for blue (425-475 nm), green (500-550 nm),
and red (570-616 nm) spectral ranges. High-magnification images were acquired using an Apo 60x AS DIC N2 oil immersion objective
(NA 1.4). Image acquisition for assessment of seeded aggregation in iPSC-neurons was performed in glass-bottom 8-well chamber
slides (80827, Ibidi) using high-content imaging with the Operetta CLS. For each well, 45-60 images were acquired as Z-stacks using
a 40X (NA 1.1) water-immersion objective. High-magnification images were acquired using the previously described Nikon TiE A1R.

Time-lapse fluorescence imaging

Time-lapse imaging to monitor TDP-43-Clover mislocalization and aggregation in response to seeding was performed on the Operetta
CLS using a 40X (NA 1.1) water immersion objective with temperature and CO, control. In each well, 15 images were acquired as Z-
stacks with 1-hintervals for a period of 48 h, starting immediately after seed transfection. Data were processed using Harmony software.
In order to monitor degradation of TDP-43-Clover aggregates and cell viability over time, time-lapse microscopy was performed on the
Nikon A1R TiE confocal microscope with a 40X objective at 37°C with CO, control (Okolab) using a motorized XYZ stage with focus drift
correction (Nikon Perfect Focus System). In each well, 10-20 regions-of-interest were manually selected and imaged as Z-stacks with 1-
hintervals for a total duration of 48 h. Data were processed using NIS Elements Advanced Research software. Analysis was performed
by manually tracking individual cells to assess degradation of TDP-43 aggregates and cell death. Cells were only included for quanti-
fication if they (1) were present in the imaging field at the start of the experiment and (2) stayed within field-of-view throughout the entire
48 h period, or underwent cell death within this time window. Prior to each time-lapse experiment, U20S cells were labelled with Cell-
Tracker Deep Red dye (C34565, Invitrogen) or Cell Tracking Red dye (ab269446, Abcam) and cultured in FluoroBrite™ DMEM
(A1896701, Gibco) supplemented with FBS (Gibco, A5256701). iPSC-neuron precursors were cultured in standard induction medium.
5-day old iPSC-neurons were cultured in i3Neuron medium with modified neurobasal without phenol red (Gibco, 12348017).

Fluorescence recovery after photobleaching (FRAP)

For FRAP experiments, TDP-43-Clover expressing U20S cells or iPSC-neurons were cultured on Ibidi chamber slides (80807) in
FluoroBrite™ culture medium (Gibco) or modified i3Neuron without phenol red (Gibco, 12348017), respectively. FRAP measurements
were performed on a Nikon A1R TiE microscope equipped with an APO 60x/1.4 oil objective using the NIS Elements software. The
microscope stage was temperature and CO, controlled (37°C, 5% CO,). For photobleaching, we defined a circular region-of-interest
(ROI) that was excited using a 488 nm diode laser at 100% power. Clover fluorescence recovery after bleaching was monitored for
3 min at intervals of 2 s (16x), followed by 10 s intervals (15x). For each condition, at least 10 TDP-43-Clover aggregates/condensates
were measured from 3 independent experiments.

Fluorescence lifetime imaging microscopy (FLIM)

To probe the microenvironment of Clover’® in different TDP-43 condensation/aggregation phases, U20S cells expressing TDP-43-
Clover were grown in glass-bottom well-chambers (Ibidi, 80827) or microscopy-ready polymer-bottom 96 well-plates (Phenoplate,
PerkinElmer). Transfection with seeds was done as described above and for two timepoints, 1 and 8 days. FLIM was performed with a
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confocal microscope (LSM 880, Carl Zeiss, Jena, Germany) using a 63x water immersion objective (C-ApoChromat 63x/1.20 W Korr
M27, Carl Zeiss) and detection with a photomultiplier tube (Zeiss BiG-2 GaAsP detector) where a window of detected wavelengths
was selected (FF01-525/50-25, Brightline, Semrock). Excitation was done with the use of a Diode 488 nm pulsed laser (Becker &
Hickl), suitable for fluorescence lifetime imaging, set at a repetition rate of 50 MHz and photon timing processed with a time correlated
single photon counting card (Multiharp 150N, PicoQuant, Berlin, Germany). To avoid changes in the instrument response function,
laser percentage was kept constant while laser power was adjusted by physically clipping part of the laser beam before coupling it
into the optical fiber entering the scan head. Laser powers were such that the highest pixel count rate was below 10% of the laser
repetition rate. Confocal intensity images and FLIM images were recorded simultaneously via Zen Black 2.3 SP1 (Carl Zeiss) and
Symphotime software (PicoQuant), respectively.

Immunoblotting

Cells were lysed in RIPA Lysis and Extraction buffer (ThermoFisher) supplemented with a protease inhibitor cocktail (ThermoFisher)
and centrifuged at 13,000 g for 20 min at 4°C to collect the supernatant. For immunoblotting, the samples were quantified using the
bicinchoninic acid (BCA) kit (ThermoFisher) and boiled in Laemmli sample buffer for 5 min at 98°C. Proteins were separated in 10%
Mini-PROTEAN® TGX™ gels (Bio-Rad) and blotted onto PVDF membranes. Membranes were blocked using 5% non-fat dry milk for
1 h and probed with primary antibodies anti-TDP-43 (Proteintech #10782-2-AP, 1:2000) and anti-vinculin (Sigma #V9131, 1:10,000)
overnight at 4°C, followed by horseradish peroxidase-conjugated secondary antibodies (1:5000, Jackson ImmunoResearch) in TBS
blocking buffer with 0.1% Tween20 for 1 h at RT. Blots were imaged with Pico enhanced chemiluminescence (ECL) reagent (Pierce)
using the iBright scanner (ThermoFisher). Quantification of bands intensity was performed using Imaged (NIH).

RT-PCR for cryptic transcripts
TDP-43™NSS_Clover expressing U20S cells or naive U20S cells were cultured in 6-well plates and transfected with TDP-43 LCD fibril
seeds (50 nM or 100 nM, respectively) or control transfection mix as described above. Cells were collected 48 h after transfection. For
seeding in i3Neurons, neural progenitor cells (1 day post-induction) were directly treated with 250 nM fibril seeds or control buffer in
24-well plates, and collected 5 days later as iPSC-neurons. Total RNA was extracted using TRIzol™ reagent (Invitrogen, 15596026)
according to the manufacturer’s guidelines. The purified RNA was subjected to DNAse treatment (Invitrogen, 18068015) and its con-
centration measured by nanodrop. For cDNA synthesis, 1 ng of total RNA was reverse transcribed using the high-capacity reverse
transcription kit (Applied Biosystems, 4368814) according to the instructions of the manufacturer. RT-PCR reactions were performed
with 50 ng cDNA using Q5 High-Fidelity DNA polymerase (NEB, M0491), with the following cycling parameters:

Initial denaturation: 98°C for 30 s; 40 cycles: 98°C for 10 s, 60°C/64°C/68°C for 30 s (depending on primer pair), 72°C for 20 s; Final
extension: 72°C for 5 min.

For splicing analysis, RT-PCR products were separated on a 2% agarose gel. Primers are listed in the key resources table.

Image-based FACS

TDP-43™N-S_Clover expressing U20S cells were transfected with buffer control or seed (50 nM) mix in T-75 flasks and collected
48 h later for FACS. Both seed and control transfections were performed in triplicates. For each sample, cells were isolated using a
5-laser BD FACSDiscover S8 with BD CellView Technology, using a 100 micron nozzle at 20 psi. Populations of interest were iden-
tified based on both fluorescent and imaging parameters and subsequently sorted using the purity mask with BD FACSChorus v5.1
Software. Cells with aggregates were sorted from “aggregated population” in seed-transfected samples. Cells without aggregates
were sorted from control samples. For each sample/condition, 70,000 cells were collected for downstream RNA sequencing.

RNA sequencing

RNA was extracted from FACS-sorted U20S cells with TDP-43™N-S-Clover aggregates or FACS-sorted U20S cells with diffuse TDP-
43™NLS_Clover (control) from 3 independent seeding experiments using the innuprep RNA minikit 2.0. Sequencing of RNA samples
was performed on Element AVITI system (2x150 base pair, paired end). RNA-Seq processing and analyses were performed as
described below.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis for quantifications of TDP-43 aggregation

Automated analysis to determine number and size of TDP-43 inclusions in U20S cells was performed using Harmony analysis soft-
ware (Perkin Elmer). Fibril-induced inclusions were identified based on anti-TDP-43 and/or TDP-43-Clover signal, in combination with
phospho-TDP-43 signal. Quantification of nuclear TDP-43 levels was performed using Imaged by manually segmenting the nucleus
area and measuring anti-TDP-43 mean fluorescence intensity at the Z-plane corresponding to the center of the nucleus. Analysis of
TDP-43 aggregate morphology was performed manually using Harmony. Aggregates with a dense core at their center were classified
as “compacted.” Aggregates that present as a connected network of filaments, in the absence of a fibril core, were defined as
“filamentous.” Aggregates consisting of individual fragments, either shaped as granules or filaments that are no longer intercon-
nected, were classified as “fragmented." For analysis of TDP-43 aggregation in iPSC-neurons, the number of cells with cytoplasmic
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aggregates, different aggregate morphologies, nuclear depletion, and increased risk of cell death were quantified manually using
Harmony for image visualization. For stathmin-2 quantification, fluorescence intensity from unsaturated images captured with iden-
tical confocal settings was quantified manually using Imaged (NIH).

Fluorescence recovery after photobleaching (FRAP) analysis

FRAP data were analyzed using ImageJ as described previously.”® Shortly, the mean fluorescence intensity of the bleached object at
each timepoint was normalized to the intensity prior to bleaching (Fpre-pieach = 1), While the intensity measured immediately after pho-
tobleaching (at t = 0) was set to zero (Fi—o = 0). In addition, fluorescence intensity of an unbleached object in the field-of-view was
measured over time as internal reference, and used to normalize the FRAP curve of the bleached object to control for unwanted
acquisition photobleaching. Fluorescence recovery was plotted using GraphPad Prism and fitted with a one-phase exponential curve
to extract the recovery half-time (t;,0).

Fluorescence lifetime imaging (FLIM) analysis

FLIM analysis was performed with the phasor module of an open-source software (PIE Analysis with MATLAB).”” Firstly, phasor life-
time of the fluorescent protein in the different TDP-43 maturity conditions was processed against a previously recorded measure-
ment of ATTO 488, which has a known fluorescence lifetime of 4.1 ns. Afterwards, pixels, where a minimum of 150 photons were
collected,*® were analyzed by manually selecting ROls, corresponding to previously established dilute, dense, and aggregated
states. Lifetime values found at the center of mass of the corresponding phasor plots were used for statistical analysis. Images
were false-colored with a color gradient corresponding to determined fluorescence lifetime values.

Quantification of LAMP1-TDP-43 Spatial Distribution

Image analysis was performed using a custom Imaged macro script in FIJI (version 1.54f) with the MorphoLibJ plugin (version 1.6.3).
Image datasets were denoised using the Denoise.ai tool in NIS-Elements software, version 6.02.01. Individual cellular regions of interest
were initially delineated through manual annotation of maximum intensity Z-projections. Cell boundaries were determined based on sig-
nals observed in LAMP1 and DAPI channels. These manual annotations were subsequently utilized as reference masks for automated
cell segmentation, wherein the LAMP1 channel was processed using Gaussian blurring (o = 10) followed by MinError thresholding. Nu-
clear segmentation was achieved by applying a Gaussian blur (¢ = 3) to the DAPI channel followed by Default algorithm thresholding. To
separate touching nuclei, a 3D watershed transformation was applied, and objects smaller than 1000 pm® were removed to exclude
debris and partial nuclei at image boundaries. Cytoplasmic regions were defined by subtracting the nuclear masks from the cell masks.

LAMP1-positive vesicles were detected using a difference of Gaussian approach (o1 = 2 pixels, 6, = 10 pixels) implemented with
GPU acceleration via CLIJ2. These parameters were optimized for the expected size of LAMP1-positive vesicles. TDP-43 clusters
were identified through sequential application of a median filter (radius = 5 pixels), background subtraction (rolling ball radius =
50 pixels), and intensity thresholding at 7000 intensity units.

For the spatial analysis, we measured the nearest distances in 3D between LAMP1-positive vesicles and TDP-43 clusters in 3D
using calibrated voxel dimensions. To account for cell size heterogeneity, distances within each cell were normalized by dividing
by the maximum distance within that cell’s cytoplasmic volume. The resulting normalized distances were binned (bin size = 0.1)
and expressed as fractions of total cell volume.

RNA-seq processing, differential gene expression and splicing analysis

Raw, paired FASTQ files were first filtered using fastp v0.23.2 (https://doi.org/10.1002/imt2.107), these filtered FASTQ files were then
mapped to, and quantified against the hg38 genome using STAR v.2.7.11a (https://doi.org/10.1093/bioinformatics/bts635). Gene
counts per sample were combined and differential gene expression analysis was performed using pydeseq2 v0.4.10 (https://doi.
org/10.1093/bioinformatics/btad547), with Condition used as the comparison attribute. A principal component analysis was per-
formed using sklearn v1.5.1 (https://www.jmlr.org/papers/vi2/pedregosalia.html). For splicing analysis, all junctions were identified
per sample using regtools v1.0.0 (https://doi.org/10.1038/s41467-023-37266-6) with the junctions command the following argu-
ments: -a 6 -m 30 -M 500000 -s RF. Following junction identification, junctions were quantified using the leafcutter_cluster_regtool-
s.py script from leafcutter commit ID: 2¢9907e (https://doi.org/10.1093/bioinformatics/btaa259). Identified junctions were annotated
based on known gene CDSs overlapping the junction in a strand aware manner using BEDtools v2.31.1 (https://doi.org/10.1093/
bioinformatics/btq033). Differential junction expression analysis in an identical manner as described above, with the exception
that the independent filtering feature was disabled. KEGG pathway analysis was performed using STRING software (https://
string-db.org) on differentially upregulated genes in “cells with aggregates” (log2foldchange > 0.6 and p adj. < 107°).

Statistical analysis

Statistical analysis was performed using GraphPad Prism as indicated in figure legends. To compare means of 2 datasets, unpaired
Student’s t test was used. To compare more than 2 datasets, we used one-way analysis of variance test (ANOVA,) followed by a post
hoc Tukey test, or a post hoc Dunnett’s test in case each group was compared with a single control group. All graphs display rep-
licates as individual data points (as defined in figure legend) with mean + standard deviation (SD). Significance threshold was defined
at 0.05. Significance levels are indicated as follows: ***p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, ns, non-significant.
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