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ARTICLE INFO ABSTRACT

Keywords: Amyotrophic lateral sclerosis is a fatal neurodegenerative disease without a cure to reverse its progression. Its
Amyotrophic lateral sclerosis main hallmark is the nuclear protein TDP-43, which undergoes different post-translational modifications leading
TDP-43

to a loss of function in the nucleus and an increase in toxicity in the cytoplasm. Previous reports have indicated
that pathogenic TDP-43 exhibits prion-like propagation in various contexts. With the aim of advancing thera-
peutics focused on preventing the propagation of TDP-43 pathology, we studied the potential role of pathogenic
TDP-43 in lymphoblasts from sporadic ALS patients. We used lymphoblastoid cell lines from sporadic ALS pa-

CK-1 inhibitor
Benzothiazole 1GS2.17
Cell-to-cell disease propagation, extracellular

vesicles tients as a source of pathogenic forms of TDP-43, and healthy human cells (lymphoblasts, myoblasts, neuro-
blastoma SH-SY5Y, or osteosarcoma U20S) as recipient cells to investigate the seeding and spread of TDP-43
proteinopathy. Furthermore, we evaluated the potential of targeting TDP-43 phosphorylation with a CK-1 in-
hibitor to prevent the propagation of the pathology. The results presented herein indicate that pathogenic forms
of TDP-43 are secreted into the extracellular medium of sporadic ALS lymphoblasts and could be transported by
extracellular vesicles, spreading TDP-43 pathology to healthy cells. Moreover, tunneling nanotubes have also
been discovered in pathological cells and may be involved in the transport of TDP-43. Interestingly, targeting
TDP-43 phosphorylation with an in-house designed CK-1 inhibitor (IGS2.7) was sufficient to halt TDP-43 pa-
thology transmission, in addition to its known effects on restoring the homeostasis of TDP-43 protein in patients-
derived cells.
List of abbreviations 1. Introduction
ALS amyotrophic lateral sclerosis Amyotrophic lateral sclerosis (ALS) is an adult-onset, rapidly pro-
giBl bloofi’;rai" bi"ier gressive disorder characterized by selective degeneration of upper and
CM_ Zzie(;ﬁi 01;2:;; edium lower motor neurons, leading to the loss of control of voluntary muscle
EV extracellular vesicles movement. The disease may initially manifest focally in a single limb but
FBS fetal bovine serum then progressively spreads segmentally through the spinal cord and the
TDP-43 transactive response DNA-binding protein of 43 KDa motor cortex until respiratory muscles fail (Masrori and Van Damme,
TNT tunneling nanotubes 2020).

ALS has no cure, and there is no effective treatment to reverse its
progression. To date, only a limited number of therapies are approved
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for sporadic ALS, including riluzole, edaravone, and, very recently so-
dium phenylbutyrate/taurursodiol. However, these drugs only offer
modest clinical benefits in disease progression and are available in only
a few countries (Tzeplaeff et al., 2023). Life expectancy after diagnosis is
typically 2-5 years, making the search for more suitable treatments an
urgent need to slow the disease progression and extend the lifespan of
ALS patients.

Transactive response DNA-binding protein of 43 KDa (TDP-43) be-
comes ubiquitinated and hyper-phosphorylated, forming cytosolic ag-
gregates that are considered the primary hallmark of ALS. TDP-43
aggregates contain full-length 43 KDa protein as well as C-terminal
fragments of 35 and 25 KDa, which exhibit differential seeding prop-
erties and toxicity (Berning and Walker, 2019). This pathological phe-
nomenon is present in the majority of all ALS patients, regardless of the
mechanism of disease onset (Neumann et al., 2006).

TDP-43 pathology in ALS may disseminate in a sequential pattern
that allows for recognition of four neuropathological disease stages
(Brettschneider et al., 2013). In stage I, phosphorylated (p-TDP-43) in-
clusions are observed in motor neurons of the cortex, brainstem, and
spinal cord, while in the final stage, p-TDP-43 inclusions progress to
reach the temporal lobe or the hippocampus (Braak et al., 2013). These
clinical features suggest cell-to-cell disease dissemination.

Previous reports indicate that pathogenic TDP-43 exhibits prion-like
propagation in murine brain and spinal cord of TDP-43 transgenic ani-
mals treated with ALS patient-derived cerebrospinal fluid (Mishra et al.,
2020). Additionally, spinal cord extracts from sporadic ALS patients
spread TDP-43 pathology to cerebral organoids (Tamaki et al., 2023).
However, the mechanism by which this occurs is not yet well
understood.

This study aimed to gain insight into the potential role of pathogenic
TDP-43 derived from immortalized lymphocytes of sporadic ALS (sALS)
patients in healthy cells, with the goal of advancing therapeutics focused
on preventing the propagation of TDP-43 pathology. To achieve this, we
utilized lymphoblastoid cell lines from sALS patients as a source of
pathogenic forms of TDP-43, and healthy cells (including lymphoblasts,
myoblasts or human neuroblastoma or osteosarcoma cell lines, SH-SY5Y
and U20S, respectively) as recipient cells to investigate the seeding and
spread of the TDP-43 proteinopathy. Additionally, we evaluated the
potential of targeting TDP-43 phosphorylation to prevent the propaga-
tion of the pathology, as this event appears to play a key role in these
processes (Porta et al., 2018). To do so, we employed a small heterocycle
molecule prepared in our laboratory, which is a potent and selective
casein kinase 1 (CK1) inhibitor.

We previously reported that lymphoblasts from sALS patients exhibit
pathological TDP-43 features (Posa et al., 2019). The suitability of these
lympoblastoid cell lines as a pharmacological platform to test potential
disease-modifying drugs has been extensively demonstrated (Vaca et al.,
2021; Martinez-Gonzalez et al., 2021; Nozal et al., 2022). The results
presented here indicate that pathogenic forms of TDP-43 are present in
the extracellular medium and may promote the spread of TDP-43 pa-
thology to healthy cells. Moreover, tunneling nanotubes (TNT)-like
structures have been discovered in patient-derived cells and may be
involved in the transport of TDP-43 between cells. Interestingly, tar-
geting TDP-43 phosphorylation with an in-house-designed benzothia-
zole-based CK-1 inhibitor, namely 1GS2.7, was sufficient to halt the
dissemination of TDP-43 pathology, in addition to its known effects on
restoring phosphorylation levels and mislocalization of TDP-43 protein
in patients-derived cells.

2. Materials and methods
2.1. Materials
DMEM culture medium (Cat#41965039, Gibco/Thermo Fisher,

Waltham, MA, USA), RPMI 1640 culture medium (Cat#21875034,
Gibco/Thermo Fisher, Waltham, MA, USA), Lonza BioWhittaker
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Medium 199 (M-199) with Earle’s BSS (Cat#BE12-117F, Thermo Fisher,
Waltham, MA, USA), Foetal Bovine Serum (FBS) (Cat#: F7524 Merck,
Madrid, Spain), Exosome-depleted FBS (Cat#: A2720801, Gibco, Wal-
tham, MA, USA), penicillin/ streptomycin (Cat#15140-122, Gibco/
Thermo Fisher Waltham, MA, USA), fungizone (Cat#15290-018,
Gibco/Thermo Fisher, Waltham, MA, USA), human recombinant insulin
(Cat#T2643-50, Sigma-Aldrich, Carlsbad, CA, USA), r-glutamine 200
mM (Cat#25030-32, Gibco/Thermo Fisher, Waltham, MA, USA),
human Epidermal Growth Factor (hEGF) (Cat#AF-100-15, Peprotech/
Thermo Fisher, Waltham, MA, USA), Fibroblasts Growth Factor (FGF)
(Cat#100-18-B, Peprotech/ Thermo Fisher, Waltham, MA, USA), poly-
vinylidene difluoride (PVDF) membranes for Western blots (Bio-Rad,
Alcobendas, Madrid, Spain), enhanced chemiluminescence (ECL) sys-
tem (Amersham, Uppsala, Sweden), protease inhibitor complete mini
mixture (Roche, Mannheim, Germany), Pierce BCA Protein Assay kit
(Thermo Fisher, Waltham, MA, USA).

The CK-1 protein inhibitor, benzothiazole derivative 1GS2.7, was
synthesized in our laboratory following previously described procedures
(Salado et al., 2014). The chemical structure, ICsq value for kinase in-
hibition, as well as the effective permeability value predicting its ability
to cross the blood-brain barrier (BBB), along with some in vivo phar-
macokinetics parameters, are provided in Table 1.

Antibodies used in this study and supplier companies are listed in
Table 2.

2.2. Subjects

Blood samples were obtained from eight sALS patients and five age-
matched control subjects after obtaining written informed consent. All
patients were diagnosed using the revised El Escorial criteria (Brooks
et al., 2000) at the Hospital Doce de Octubre (Madrid, Spain). All pro-
cedures were conducted in accordance with National and European
Union Guidelines and approved by the Institutional Review Board of
Hospitals Doce de Octubre (CEIC02506) and the Ethics Committee of the
Spanish Council of Higher Research (protocol code B2017/BMD-3813,
dated 1 February 2018). Demographic and clinical information of con-
trol subjects and ALS patients are presented in Table 3.

2.3. Establishment of lymphoblastoid cell lines

Peripheral blood mononuclear cells (PBMCs) were isolated from
blood samples by Lymphoprep™ density-gradient centrifugation
following the manufacturer’s instructions (Axis-Shield Po CAS, Oslo,
Norway). Lymphoblastoid cell lines were established in our laboratory
by infecting peripheral blood lymphocytes with the Epstein-Barr virus,
as previously described (Hussain and Mulherkar, 2012).

2.4. Cell culture

Lymphoblastoid cell lines (LCLs) were cultured in suspension in
RPMI 1640 medium (1 x 10° cells /mL) supplemented with 1% peni-
cillin/ streptomycin and 10% (v/v) fetal bovine serum (FBS) in upright T
flasks. LCLs were used individually, and experiments were not con-
ducted in a blinded manner. The neuroblastoma SH-SY5Y cell line and
U20S cells (obtained from the American Type Culture Collection) were
cultured in DMEM media containing 10% (v/v) FBS and 1% penicillin/
streptomycin.

Myoblasts were obtained from healthy individuals who underwent
surgery for bone fractures, and the muscle biopsies were collected dur-
ing the surgical procedure. In all cases, participants provided informed
consent using forms approved by the Ethics Committee on the Use of
Human Subjects in Research at Donostia University Hospital. Human
proximal muscle biopsies were minced and cultured in a monolayer
according to the method described by Askanas (Askanas and Engel,
1975). To obtain highly purified myoblasts (CD56+) and (CD56-) cells,
primary cultures were sorted by immunomagnetic selection based on the
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Table 1
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Chemical structure, ICsq value of CK-1 inhibition, BBB penetration prediction and pharmacokinetic in vivo parameters of 1GS2.7.

Comp. Chemical structure CK-15 ICs BBB prediction Pe (10 cm.s™h) Cpax Plasma (ng.ml™?) (15) i.p. p.o. Cinax Brain (ng.g™ 1) (15) i.p. p.o.
1GS2.7 23 £ 2 nM CNS + 11.3+2.0 224.511120.42 670.563940.51
bl 2.5. Extracellular vesicles isolation and characterization

Table 2

Antibodies used in this study.

Primary Antibody Species  Dilution (WB/ Supplier (Catalog#)
1F)
TDP-43 Rabbit 1:1000/NA Proteintech (10782-2-AP)
TDP-43 Mouse 1:1000/1:100 Proteintech (67345-1-Ig)
10)-TDP-

p(i§r409/ 410 Rabbit  1:500/1:1000 Proteintech (22309-1-AP)
o-Tubulin Mouse 1:5000/NA Santa Cruz (23948)
GAPDH Rabbit 1:1000/NA Cell Signal (5174)

- . . Thermo Fisher
Flotillin-1 Rabbit 1:1000/NA (PA5-97756)
Kinesin 1 (KIF5B) Rabbit NA/1:100 Proteintech (21632-1-AP)
Secondary Antibody Immunological Dilution  Supplier (Catalog#)

Procedure
i- I
Goat anti-mouse IgG WB 1:7000  Bio-Rad (1706516)
HRP conjugate
Goat anti-rabbit IgG WB 1:7000  Bio-Rad (1706516)
HRP conjugate

. . Molecular Probes
anti-mouse Alexa 488 IF 1:1000 (A-11001)

. R Molecular Probes
anti-mouse Alexa 568 IF 1:1000 (A-11004)
Dylight 488 horse anti- IF 1:1000 Vector

rabbit

WB:Western blot; IF:immunofluorescence; NA:not applicable.

Table 3
Demographic and clinical characteristics of participants.

Code Gender  Age at sample Clinical Motor neuron
obtention presentation affected

C100  Female 83 NA NA

C110 Male 75 NA NA

C105 Female 54 NA NA

C106  Female 67 NA NA

C108 Female 68 NA NA

E2 Female 76 bulbar MNS

E4 Female 53 bulbar MNS + MNI

E6 Female 79 bulbar MNI

E10 Male 68 bulbar NK

ED5 Female 82 bulbar & spinal NK

ED8 Female 59 spinal MNI

ED10  Male 67 spinal NK

ED11 Female 65 NK MNS + MNI

NA: not applicable; MNS, MNI: superior and inferior motor neuron, respectively;
NK: Not known.

presence of the early cell surface marker CD56 (separator and reagents
from Miltenyi Biotec). CD56+ cells were seeded at 2500-3000 cells/cm?
in culture medium for the myoblast stage. Myoblasts were then grown in
DMEM media supplemented with 20% M-199, 10% FBS, 1% penicillin/
streptomycin/fungizone, 1% insulin, 1% glutamine, 0.1% hEGF and
0.5% FGF. Before seeding cells, plates were coated with 0.1% gelatine
for 1 h. All cell lines were grown at 37 °C in a humidified 5% CO
atmosphere.
The experimental outline followed is summarized in Scheme 1.

RPMI medium containing 10% exosome-depleted FBS was used to
culture lymphoblasts to generate conditioned medium for extracellular
vesicles (EVs) isolation. After 72 h, cells and debris were removed from
the conditioned media by centrifuging it at 2000 xg for 30 min. EVs
were isolated with total exosome isolation reagent (Invitrogen)
following manufacturer’s recommendations. 1.5 mL of the reagent was
added to 3 mL of the conditioned media, and it was incubated overnight
at 4 °C. The following day, samples were centrifuged at 10,000 g for 1 h
at 4 °C. The supernatant was discarded, and the pellet containing EVs
was suspended in 30 pL of Phosphate-Buffer Saline (PBS) for charac-
terization or for further use in the treatment of healthy control lym-
phoblastoid cells.

EV characterization was conducted using nanoparticle tracking
analysis (NTA) and Western Blot. Size distribution and quantification of
EVs preparations were examined by measuring the rate of Brownian
motion with a NanoSight NS300 system equipped with a 488 nm laser,
fast video capture, and particle-tracking software. PBS was used to dilute
EVs samples (1:9000), which were disaggregated before being injected
into the NanoSight’s sample chamber. The mean number of particles
acquired per milliliter in ALS and control cells was compared, and EV
concentration measurements (particles/mL) were normalized to the cell
number from which conditioned medium containing EVs was recol-
lected. For Western Blot (WB) analysis 20 pL of EVs were lysed with
Laemmle buffer and denatured at 95 °C for 5 min. The antibodies used
are listed in Table 2.

2.6. Conditioned medium experiments

ALS lymphoblasts were treated with or without 1GS2.7 (5 pM). This
dose of IGS2.7 was sufficient to restore TDP-43 homeostasis in diseased
cells. Conditioned medium (CM) or pre-treated CM (ptCM) were
collected after 72-96 h and added to healthy cells (including healthy
lymphoblasts, U20S, myoblasts, SH-SY5Y) in a ratio 3:1 with fresh
medium as previously described (Cuevas et al., 2022). Cells were har-
vested 72 h later and processed for Western blot and/or immunofluo-
rescence analysis.

2.7. Western blot analysis

For extracellular TDP-43 analysis, ALS and healthy lymphoblast
were grown, and the conditioned medium was collected after 72 h. To
prepare cell extracts for WB analysis, cells were harvested by centrifu-
gation, washed in PBS, and then lysed in ice-cold lysis buffer (50 mM
Tris-HCI (pH 7.4), 150 mM NaCl, 5 mM EDTA, 15 mM MgCl,, 0.5% (vol/
vol) sodium deoxycholate, 0.5% (vol/vol) NP-40 and 0.1% (vol/vol)
SDS), containing 1 mM sodium orthovanadate, 1 mM phenyl-
methylsulfonylfluride (PMSF), 1 mM sodium pyrophosphate and pro-
tease inhibitor mixture. The protein content was quantified using the
Pierce BCA Protein Assay kit (Thermo Scientific).

Equal amounts of proteins or 30 pL of medium were resolved by
SDS-polyacrylamide gel electrophoresis. The proteins were then trans-
ferred to polyvinylidene fluoride (PVDF) membranes, blocked with 5%
BSA in TTBS 1x, and immunodetected with the antibodies listed in
Table 2. Signals from the primary antibodies (4 °C, overnight) were
amplified using species-specific antisera conjugated with horseradish
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LYMPHOBLASTS

Comparative analysis of TDP-43 phosphorylation,

truncation, subcelular localization and secretion of full
and fragmented TDP-43 to the extracelular medium.
Formation of TNT-like stuctures

Collection of onditioned medium from sALS lymphoblasts and isolation of
extracelular vesicles to treat healthy cells.

Lymphoblasts

SH-S5Y5 U20S

Examination of pathological TDP-43 features.

Cytoskeleton alterations and measurement of
intracellular transport

Collection of conditioned medium from untreated and 72h 1GS2.7 treated-
ALS lymphoblasts.

Lymphoblasts

SH-S5Y5 U20S

Investigate whether IGS-2.7 treatment of sALS

lymphoblasts is capable of restore TDP-43 homeostasis
and to prevent disease disemination

Scheme 1. Flowchart of experimental design. Subjects listed in Table 3 provided control and ALS lymphoblasts. Additionally, human myoblasts, neuroblastoma SH-
SY5Y, and osteosarcoma U20S cell lines were utilized. IGS2.7, an in-house designed CK-1 inhibitor, was employed in the experiments.

peroxidase (Bio-Rad) and detected with a chemiluminescent substrate
detection system ECL using the Chemidoc Imaging System (Bio-Rad,
Alcobendas, Madrid, Spain). Image J software (National Institutes of
Health, Bethesda, MD, USA) was used to quantify relative band
intensities.

2.8. Immunofluorescence analysis

Adherent cells (myoblasts, U20S and SH-SY5Y) were grown on
coverslips. To facilitate the adhesion of lymphoblastoid cells, coverslips
were first treated with a solution of 0.25% Gelatin (Sigma, Madrid,
Spain) for 30 min at room temperature, followed by a solution of 1 mg/
mL poly-i-lysine (Sigma, Madrid, Spain) diluted 1:50 in Borax buffer
(Na2B407-10H20 15 mM, pH 8.4) overnight at 37 °C. Cells were fixed
for 30 min in 4% paraformaldehyde in PBS and permeabilized with 0.1%
Triton X-100 for 10 min. Samples were then blocked with PBS con-
taining 1% BSA for 60 min at 37 °C before incubation overnight with the
primary antibodies (Table 2). After several washes in PBS, samples were
incubated with the appropriate secondary antibodies for 1 h at 37 °C.
For nuclear and F-actin staining, DAPI (1:1000, Sigma) and Alexa Fluor-
568 Phalloidin (1:1000, Molecular Probes, Waltham, MA, USA) were
used, respectively. Preparations were mounted with Fluor Save reagent
(Calbiochem, Madrid, Spain). High-resolution images were acquired

using a confocal microscope Leica TCS SP5 with 63x or 100x oil im-
mersion objectives. Leica Application Suite X (version 3.5.7.23225) and
Image J software (version 1.53 K) were used to analyzed images.

2.9. Peptide probes

Peptide tools containing a kinesin binding domain and a cell-
penetrating region were synthesized and fluorescently labeled at the
N-termini with the organic fluorophore Cy5 to obtain the fluorescent
probes Cy5-KBP. Their synthesis, labeling and purification were per-
formed as previously described (Oliva et al., 2022).

2.10. Intracellular transport analysis

U20S cells were seeded on 8-well ibidi plates and exposed for 72 h to
conditioned medium from healthy individuals, SALS lymphoblasts, or
lymphoblasts treated with 1GS2.7 (5 pM). Subsequently, the medium
was removed, and the probe Cy5-KBP was added to the cells at a con-
centration of 2.5 uM for 15 min at 37 °C. Peptides were washed using
DMEM without phenol red. Images were acquired using a confocal laser
scanning microscope Leica TCS SP8 with a 63 x oil immersion objective
equipped with a humidified incubation chamber, a CO; controller, and a
heating unit. Cy5 fluorescence emission was collected at 660-720 nm
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after excitation at 646 nm. Images were recorded every 1.793 s for 4 min
as 2-layer-z-stacks. Three different fields for each condition were imaged
in two separate experiments.

Analysis of single-particle trajectories was performed using the
TrackMate plugin within the ImageJ software. The LoG detector and the
linear motion LAP tracker were specifically utilized to detect and link
particles, with an estimated blob diameter of 1 pm and a maximum
distance of 2 uM. Additional filters were applied to discard trajectories
with fewer than 5 spots and with a maximum speed of 1 pm s~ . Track
mean velocity, track maximal velocity, and track mean displacement
were then calculated and normalized to control cells in each experiment.

2.11. Statistical analysis
Graph Pad Prism software version 6 (La Jolla, CA, USA) was used to

performed statistical analysis. All data are presented as mean =+ standard
error of the mean (SEM). Statistical significance was assessed using a

(A)
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two-tailed Student’s t-test for comparisons between two groups, or one-
way ANOVA followed by Bonferroni’s post-hoc analysis for multiple
comparisons. A “p-value < 0.05” was considered statistically significant.

3. Results

3.1. ALS lymphoblasts exhibit TDP-43 post-translational modifications
and cytoskeletal abnormalities

We utilized lymphoblasts from sporadic ALS patients as an experi-
mental model, as these cells recapitulate TDP-43 pathology (Posa et al.,
2019; Porras et al., 2023). Data presented in Fig. S1, obtained from
immortalized lymphocytes of 5 healthy donors and 8 sALS patients,
align with previous findings from our laboratory (Posa et al., 2019),
demonstrating increased cytosolic TDP-43 phosphorylation. Using
phalloidin to stain filamentous actin (F-actin), we observed actin cyto-
skeleton alterations reminiscent of tunneling nanotubes (TNTs) or TNT-

(B)

Fig. 1. Cell structure analysis in lymphoblasts from control and sALS patients. Cells were stained with TDP-43 antibody (green), phalloidin (red) and DAPI (blue). A)
Representative immunofluorescence images depict cytoskeleton protrusion, which are frequently observed in sALS cells. The graph illustrates the percentage of cells
with F-actin protrusions (TNT-like structures) measured in 8 sALS and 5 controls samples, with at least 4 fields of view for each subject. B) Representative image
demonstrate cell-to-cell communication via TNT-like structures, where TDP-43 is localized. Scale bars, 20 pm. Data are presented as mean + SEM. Statistical analysis
was conducted using the Student’s t-test(***
of this article.)

*p < 0.0001). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
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like structures in ALS lymphoblasts (Fig. 1A) for the first time. The
percentage of ALS cells displaying these structures is significantly higher
than in control cells (Fig. 1A). Furthermore, in the merged images, we
observed TDP-43 co-localization with the TNTs. In the extracellular
medium surrounding these TNT-like structures, a notable abundance of
green puncta consistent with TDP-43 staining was also observed.
Moreover, despite the lymphocyte cells’ non-adherent nature, we
detected sporadic cell-to-cell connections through the tunneling nano-
tubes when cells were fixed for immuno-cytochemistry analysis
(Fig. 1B).

(A)
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3.2. TDP-43 is secreted into the extracellular medium and may contribute
to the spread of pathology to healthy cells

The extracellular medium from control and sALS lymphoblasts cells
was collected after 72-96 h of culture and tested for the presence of full-
length or fragmented TDP-43 by WB analysis. Primarily, we observed a
25 KDa fragment localized in the extracellular media from 80% of ALS
patients’ lymphoblasts analyzed (Fig. 2A). Subsequently, conditioned
medium (CM) from control and sALS patient-derived lymphoblasts was
added to control healthy cells for 72 h to investigate the potential
dissemination of TDP-43 pathology. Using immunochemistry and
confocal microscopy, we observed TDP-43 mislocalization in control
cells treated with CM from sALS lymphoblasts, leading to an increase in
its cytosolic presence (Fig. 2B). Furthermore, F-actin staining with

Conditioned medium (CM)

Control SALS
TDP-43 - 0
(B) (C)
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Fig. 2. Conditioned medium (CM) from sALS lymphoblasts induces TDP-43 pathology in control cells. A) A representative immunoblot depicts a 25 KDa fragment of
TDP-43 in the extracellular medium of sALS cells. B, C) Representative immunofluorescence images of control lymphoblasts exposed to CM from sALS or control cells
for 72 h stained with TDP-43 antibody (green), phalloidin (red) and DAPI (blue), B) TDP-43 localization is represented as TDP-43 nucleo-cytoplasm ratio (mean
nuclear intensity divided by the mean cytoplasmic intensity) using Image J software for quantification, C) TNT-like structures induced in control cells with CM of
SALS cells. The percentage of cells with F-actin protrusions (TNT-like structures) and TDP-43 localization were measured in at least 4 fields of view. Scale bars, 20 pm.
Data are expressed as mean + SEM of three independent experiments performed on 3 different controls exposed to CM from 4 sALS and 3 control lymphoblastoid

lines. Statistical analysis was performed using the Student’s t-test (***p < 0.001,

the reader is referred to the web version of this article.)

“p < 0.0001). (For interpretation of the references to colour in this figure legend,
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phalloidin revealed cytoskeleton changes with the formation of TNT-like
structures (Fig. 2C), whereas CM from control lymphoblasts has no
significant effects. Finally, WB and immunofluorescence analyses
detected an increase in phosphorylated TDP-43 levels, both in full-
length and in their 35 and 25 KDa fragments (Fig. 3A and B), in con-
trol cells treated with CM from sALS lymphoblasts. These results
collectively suggest propagation of TDP-43 pathology.

Next, we investigated whether CM from sALS cells could also be
pathogenic for other cell types. CM from two different controls and from
two sALS was incubated for 72 h with healthy myoblasts, obtained from
a muscle biopsy of a healthy individual during surgery for bone fractures

>

Control + CM Control

Control + CM sALS

o

Control+CM Control + CM
Control SALS

TDP-43 =TT
P e el R Y e

-
- - . - '
&~
.
-

TDP-43

GAPDH ii——-——-¢|
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in two independent experiments. Immunohistochemistry showed an
increase in cytoplasmic TDP-43 and phosphorylated TDP-43, together
with actin cytoskeleton changes, compared to myoblasts treated with
CM from healthy lymphoblasts (Fig. 4).

Osteosarcoma USO2 cells were selected next because of their larger
cytoplasm, which allows for better investigation of various cytoplasmic
events and functions. Here, we demonstrate how treatment of USO2
cells with CM from sporadic ALS patients for 72 h is also able to induce
TDP-43 pathology in this cell line, leading to TDP-43 mislocalization
and formation of aggregates (Fig. 5A). Moreover, we explored whether
TDP-43 pathology may alter the interaction between tubulin and the
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Fig. 3. TDP-43 phosphorylation status in control lymphoblasts after exposure to CM from sALS or control individuals for 72 h. A) Representative immunofluo-
rescence images of cells stained with a pTDP-43 antibody (green) and DAPI (blue). Scale bars, 20 pm. B) Representative immunoblot and quantification of phos-
phorylated TDP-43 (full-length, or 35 and 25 KDa fragments). Data are expressed as mean + SEM of three independent experiments performed on 2 healthy cell lines
with CM from 5 sALS and 3 controls. Statistical analysis was conducted using the Student’s t-test (**p < 0.01). (For interpretation of the references to colour in this
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transport motor kinesin (Liu and Henty-Ridilla, 2022). Immunocyto-
chemistry staining of both kinesin and tubulin showed a significant
decrease in the co-localization of these two proteins (Fig. 5B) in U20S
cells after induction of TDP-43 pathology by treatment with the CM from
SALS patients.

3.3. Extracellular vesicles isolated from conditioned medium of sporadic
ALS lymphoblasts may propagate TDP-43 pathology

EVs were isolated using total exosome isolation reagent from the CM
of controls and sALS lymphoblasts cultured in medium with exosome-
depleted FBS. We then analyzed the relative abundance of TDP-43
species (full size and fragmented) in EVs from controls and sALS sam-
ples by WB, using antibodies against the N- or C-terminus of TDP-43. A
fragment of 25 KDa was identifies in the EVs fraction from sALS by using
an anti C-terminal TDP-43 antibody (Fig. 6A).

Subsequently, 30 pL of the isolated EVs in PBS were used to treat
control lymphoblasts for 72 h. The EVs fraction from sALS, but not the
one from control lymphocytes, was able to induce the TDP-43 pathology
(cytoplasmic localization, TNT-like structures, increase in TDP-43
phosphorylation) (Fig. 6B and C).

3.4. The CK-1 inhibitor IGS2.7 prevents the propagation of TDP-43
pathology

Treatment with the benzothiazole-based CK-1 inhibitor IGS2.7 has
demonstrated the restoration of TDP-43 pathology in both cell cultures
and animal models (Alquezar et al., 2016) (Martinez-Gonzalez et al.,
2020). Thus, we selected this CK-1 inhibitor to investigate its potential
to inhibit, stop or decrease TDP-43 propagation. sALS lymphoblasts
were treated for 72 h with IGS2.7 at a fixed dose of 5 pM, and the cell
culture media were collected (ptCM). When control lymphoblasts were
incubated in the presence of CM from IGS2.7 treated sALS cells, TDP-43
pathology was not observed (Fig. 7). In fact, TDP-43 remained localized
in the nucleus (Fig. 7A-B), p-TDP-43 did not increase in full-length or
fragmented forms (Fig. 7D-E), and the cytoskeleton did not form TNT-
like nanotubes (Fig. 7A-C).

Next, we investigated whether TDP-43 pathology could also be
propagated to neuronal cells and inhibited by IGS2.7. We confirmed that
CM from sALS lymphoblasts is also cable of propagating TDP-43 pa-
thology in the neuronal cell line SH-SY5Y (Fig. 8). In this case, similar
TDP-43 pathology is observed (i.e. an increase of TDP-43 aggregates in
the cytoplasm and hyperphosphorylation). Additionally, propagation is
also prevented when these neuronal cells are incubated with CM of sALS
lymphoblasts previously treated with the CK-1 inhibitor IGS2.7.

To characterize the secretome of sALS lymphoblastoid cell lines cable
of propagating TDP-43 pathology, we isolated an enriched fraction of
EVs by precipitation and determined the concentration and size of the
vesicles in control and sALS cells with and without treatment (Fig. 9).
Our results demonstrate a statistically significant increase in the con-
centration of EVs in the precipitated fraction from CM of sALS patients,
which is reduced upon treatment with IGS2.7 (Fig. 9A-B). In addition,
we observed a not significant trend towards an increase in the size
(mode) of the analyzed fraction, which was reduced upon IGS2.7
treatments (Fig. 9C). Taken together, these results suggest that 1GS2.7
may halt the propagation of cellular TDP-43 pathology.

Finally, to correlate TDP-43 pathology with functional alterations in
recipient cells, we utilized the larger cytoplasm of U20S cells compare to
lymphoblasts to analyze whether induced TDP-43 pathology was asso-
ciated with deficient intracellular transport in ALS. For this purpose, we
monitored the anterograde transport mediated by kinesin using a
chemical probe containing the cyanine fluorophore Cy5, Cy5-KBP,
previously employed in our laboratory (Oliva et al., 2022). In these
experiments, U20S cells were treated with CM from healthy lympho-
blasts and from sALS patients for 72 h. Cy5-KBP movies were analyzed
with ImageJ, and resultant trajectories were further analyzed and
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represented by colour according to their mean track displacement
(shorter in blue, larger in red) (Fig. 10A, B, C). A significant reduction in
the average displacement of Cy5-KBP particles was observed in U20S
cells treated with CM from sALS cells compared to those treated with CM
from healthy controls (Fig. 10D). However, this treatment did not alter
the other two parameters analyzed, mean and maximal track velocity
(Fig. 10E, F). These results indicate the ability of CM from sALS cells,
which promote TDP-43 pathology, to induce a functional deficit in
intracellular transport in healthy cells. When U20S cells were treated
with CM from ALS lymphoblasts previously treated with 1GS2.7, no
significant alteration in the mean track displacement of Cy5-KBP
movement was observed (Fig. 10G), demonstrating the potential of
this drug not only to rescue TDP-43 mislocalization but also to improve
cellular functionality such as intracellular transport.

4. Discussion

Neurodegenerative diseases are frequently referred to as proteino-
pathies (Bayer, 2015). Various proteins such as alpha-synuclein, beta-
amyloid, tau or TDP-43 undergo different post-translational modifica-
tions, with misfolded conformations being the main hallmarks of Par-
kinson’s and Alzheimer’s diseases, ALS and frontotemporal dementia,
respectively (Wilson 3rd et al., 2023). Furthermore, several studies
indicate a prion-like spreading of these protein aggregates as the
mechanism involved in the progression of these diseases (Polymenidou
and Cleveland, 2012). Although robust information has been gathered
regarding several of the abovementioned proteins (Vargas et al., 2019;
Ayers et al., 2018), the mechanism of TDP-43 propagation remains
relatively unknown.

TDP-43 aggregates are present in >97% of ALS patients, and the
restoration of functional homeostasis of TDP-43 has been proposed as an
effective therapeutic approach for ALS (Hayes and Kalab, 2022). In our
team, we have developed a patient-based cellular model where TDP-43
pathology is well recapitulated (Posa et al., 2019). Immortalized lym-
phocytes from ALS patients offer an excellent platform to study the
molecular mechanisms of TDP-43 and to discover new drugs cable of
modulating this key protein. In fact, we have previously reported how
these ALS lymphoblasts show an increase in TDP-43 migration to the
cytoplasm, along with higher protein phosphorylation, both in the full
length and in their 35 and 25 KDa fragments (Posa et al., 2019).

Here, we report cytoskeletal changes in immortalized ALS lympho-
cytes. Tunneling nanotubes (TNTs) or TNT-like structures are signifi-
cantly increased in sALS cells compared to healthy controls cells. Similar
cytoskeleton alterations have been previously found in TDP-43 positive
cells from severe Alzheimer’s disease patients. (Cuevas et al., 2022) The
molecular mechanisms involved in TNT formation are not yet well
known, but it is believed that cellular stress could be a key player. (Wang
etal., 2011) In general, these F-actin structures play a crucial role in cell
communication, acting as intercellular bridges that mediate the transfer of
various cellular cargos (Cordero Cervantes and Zurzolo, 2021). They are
involved in tau and alpha-synuclein spreading (Lagalwar, 2022; Chakra-
borty et al., 2023), and in the case of sALS lymphoblasts they may be
involved in the transport of TDP-43 to other cells. TDP-43 co-localizes with
the TNT-like structures and could potentially serve as a release route to the
extracellular medium or penetrate other cells through direct cell-to-cell
communication via these TNT-like protrusions.

TDP-43 pathology propagation was further supported by our obser-
vation that conditioned medium obtained from lymphoblasts derived
from sALS patients is able to enhance TDP-43 phosphorylation and
mislocalization of TDP-43 in control lymphoblasts. Furthermore,
changes in the cytoskeleton are also induce, leading to the formation of
TNT-like structures. These results are consistent with previous findings
where the extracellular medium from cells overexpressing TDP-43 per-
turbed healthy cells resulting in cytotoxicity and metabolic changes
(Hergesheimer et al., 2020). Moreover, in the study reported here, the
prion-like behavior of TDP-43 was further confirmed in other cell types
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Fig. 8. Neuroblastoma cell line SH-SY5Y treated with CM from 2 healthy donors and 2 sALS patients pre-treated or not with IGS2.7 (5 pM) for 72 h. Representative
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view using Image J software. Statistical analysis was performed using One-way ANOVA followed by Bonferroni’s post-test. (****p < 0.0001). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

such as human myoblasts, the neuroblastoma cell line SH-SY5Y and the
U20S osteosarcoma human cell line, as conditioned medium from sALS
lymphoblasts induced characteristic pathological TDP-43 features.
Interestingly, this pathological phenotype is not induced when CM from
control lymphoblasts is used. These results are consistent with the re-
ported effect of CSF derived from ALS-FTD patients inducing TDP-43
pathology in U251 glioblastoma cells via TNT and exosomes (Ding
et al., 2015), or the effect of ALS spinal cord extracts spreading TDP-43
pathological features in cerebral organoids (Tamaki et al., 2023).
Together, these results suggest that ALS-derived TDP-43 is cable of
spreading pathology among cells.

In several neurodegenerative diseases, the release of misfolded pro-
teins from affected cells into the extracellular medium has been re-
ported. The discharge may occur either as free proteins or incorporated
into lipid bilayer-delimited vesicles (EVs), which can be taken up by

other cells, contributing to the spread of the disease (Casarotto et al.,
2022). In this study, we collected extracellular medium from both control
and ALS lymphoblasts, as well as an enriched EVs fraction, to evaluate
whether the secretion of TDP-43 protein (full size and fragmented)
differed in ALS cells. We indeed observed a higher expression of the 25
KDa TDP-43 fragment in the EVs derived from sALS patients. Moreover,
nanoparticle tracking analysis (NTA) revealed that the concentration of
EVs from ALS cells was statistically higher than that of EVs derived from
control cells. Taken together, these results suggest that EVs may also
play a key role in the of propagation TDP-43 pathology.

We have previously reported the efficacy of various protein kinase
inhibitors, including GSK-3, CK-1, CDC7, and TTBK1 inhibitors, in
mitigating TDP-43 pathology in both cell cultures and in vivo models
(Vaca et al., 2021; Martinez-Gonzalez et al., 2021; Nozal et al., 2022;
Salado et al., 2014). Particularly, the CK-1 inhibitor known as IGS2.7 has
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Fig. 9. Extracellular vesicles characterization of the sALS and control lymphoblastoid cell lines in the presence or absence of IGS2.7 (5 pM). A) Representative
concentration and sizes of particles measured from the precipitated fraction of control, sALS and treated sALS lymphoblastoid media. B) Particle concentration and C)
size. Data are expressed as mean + SEM of three independent experiments performed with 3 different control lymphoblasts and 5 sALS lymphoblastoid lines with and
without IGS2.7 treatments. Statistical analysis by one-way ANOVA followed by Dunnett’s post hoc test (*p < 0.05).

demonstrated the ability to reduce TDP-43 phosphorylation and restore
nuclear localization in lymphoblasts derived from ALS and fronto-
temporal dementia patients (Alquezar et al., 2016). Moreover, chronic
treatment of IGS2.7 in TDP-43 transgenic mice resulted in motorneuron
preservation and decreased levels of microglial reactivity, astrogliosis
and p-TDP-43 levels in the spinal cord of the animals (Martinez-
Gonzalez et al., 2020). Our current data indicate that treatment of sALS
lymphoblasts with the CK-1 inhibitor named 1GS2.7, a small benzo-
thiazole derivative, effectively prevents the dissemination of TDP-43
pathology. Specifically, when control lymphoblasts were exposed to
CM from sALS cells treated with IGS2.7 (ptCM), TDP-43 phosphoryla-
tion remained unchanged, and the protein localization remained pri-
marily nuclear. Additionally, we observed no cytoskeleton changes or
alteration in the size and abundance of EVs isolated from pre-treated
ALS cells. Furthermore, this effect was also observed when neuronal
cells SH-SY5Y were cultured with CM from IGS2.7-treated sALS cells.
Finally, it is well-established that microtubule-based intracellular
transport mediated by kinesin motors is crucial for the structural and
functional organization of cells. Protein aggregates disrupt microtubule
dynamics, affecting the balance of molecular motors like kinesin, and
contributing to a spectrum of diseases (Soo et al., 2011). Moreover,
dysfunctions in cellular trafficking, including abnormalities in the mo-
lecular motors dynein and kinesin, have been widely implicated in ALS
(Burk and Pasterkamp, 2019). Hence, we sought to investigate whether
altered phosphorylation and truncation of TDP-43 protein could
contribute to the impaired kinesin-mediated intracellular transport in
ALS. To this end, we monitored intracellular transport in human oste-
osarcoma U20S cells after inducing TDP-43 pathology by treating them
with conditioned medium from sporadic ALS cells, as described previ-
ously. Our findings support the notion that TDP-43 pathology indeed
disrupts intracellular transport. Interestingly, when U20S cells were
exposed to ptCM from sALS cells treated with 1GS2.7, cellular transport
was restored to normal rates, and the number of TDP-43 aggregates was
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also diminished.
5. Conclusion

Altogether, our data demonstrate the significant therapeutic poten-
tial of CK-1 inhibitors, particularly the small heterocyclic molecule
known as IGS2.7. These inhibitors not only in restore the functional
homeostasis of TDP-43 pathology in patients but also prevent disease
transmission among different cell types. Translating the use of this small
molecule to clinical practice would enable us to investigate whether
these results hold true in humans and whether TDP-43 dissemination
among healthy cells could be effectively reduced.
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