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Abstract

Aim: The heterogeneity in the distribution and morphological features of TAR DNA-binding
protein-43 (TDP-43) pathology in the brains of frontotemporal lobar degeneration (FTLD-TDP)
patients and their different clinical manifestations suggest that distinct pathological TDP-43 strains
could play a role in this heterogeneity between different FTLD-TDP subtypes (A-E). Our aim was
to evaluate the existence of distinct TDP-43 strains in the brains of different FTLD-TDP subtypes
and characterise their specific seeding properties /in vitroand in vivo.

Methods and Results: We used an inducible stable cell line expressing a mutant cytoplasmic
TDP-43 (iGFP-NLSm) to evaluate the seeding properties of distinct pathological TDP-43 strains.
Brain-derived TDP-43 protein extracts from FTLD-TDP types A (7= 6) and B (n7= 3) cases
induced the formation of round/spherical phosphorylated TDP-43 aggregates that morphologically
differed from the linear and wavy wisps and bigger heterogeneous filamentous (skein-like)
aggregates induced by type E (n7= 3) cases. These morphological differences correlated with
distinct biochemical banding patterns of sarkosyl-insoluble TDP-43 protein recovered from the
transduced cells. Moreover, brain-derived TDP-43 extracts from type E cases showed higher
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susceptibility to PK digestion of full-length TDP-43 and the most abundant C-terminal fragments
that characterise type E extracts.

Finally, we showed that intracerebral injections of different TDP-43 strains induced a distinctive
morphological and subcellular distribution of TDP-43 pathology and different spreading patterns
in the brains of CamKIlla-hTDP-43y sm Tg mice.

Conclusions: We show the existence of distinct TDP-43 strains in the brain of different FTLD-
TDP subtypes with distinctive seeding and spreading properties in the brains of experimental
animal models.

Keywords
frontotemporal lobar degeneration (FTLD); TDP-43; seeding; spreading; protein strains

INTRODUCTION

The intracellular mislocalisation and aggregation of phosphorylated TAR DNA-binding
protein-43 (TDP-43) is the pathological hallmark of frontotemporal lobar degeneration
with TDP-43 inclusions (FTLD-TDP) and nearly all the cases of amyotrophic lateral
sclerosis (ALS).1 The correlation between the neuropathological features of TDP-43
pathology, clinical symptoms and underlying genetics of FTLD-TDP has been extensively
reported.2~10 The distinctive distribution and morphology of TDP-43 pathology in cortical
areas of FTLD-TDP cases defines five different subtypes (i.e. type A, B, C, D and

E).”811 FTLD-TDP type A is characterised by abundant neuronal cytoplasmic inclusions
(NCls) and dystrophic neurites (DNs) in superficial cortical laminae. FTLD-TDP type A
cases are associated with Progranulin (GRN) mutations and exhibit behavioural variant
frontotemporal degeneration (bvFTD) or non-fluent/agrammatic PPA (naPPA). FTLD-TDP
type B cases show compact NClIs with few DNs in both superficial and deep neocortical
layers. This FTLD-TDP subtype is associated with C9orf72 repeat expansion mutations
(C9+) and bvFTD, including cases with motor-neuron disease (FTLD-MND). FTLD-TDP
type C is characterised by long and thick DNs primarily in superficial cortical layers.

Type C cases are typically sporadic and associated with bvFTD or semantic variant PPA
(svPPA). FTLD-TDP type D exhibits lentiform neuronal intranuclear inclusions (NIIs)

in superficial and deep cortical layers and few DNs. Type D cases are linked to VCP
mutations and present with familial inclusion body myositis, Paget’s disease of bone,

FTD, and/or ALS (called multisystem proteinopathy).3-9 Finally, FTLD-TDP type E exhibits
granulofilamentous neuronal inclusions (GFNI’s) and neuropil grains in superficial and deep
neocortical layers, and abundant curvilinear oligodendroglial inclusions. This subtype has
been seen in both sporadic and C9+ cases and is clinically associated with bvFTD.11

The molecular mechanisms underlying such microregional and morphologic heterogeneity
of TDP-43 pathology and their associated clinical manifestations remain unknown.

This diversity in TDP-43 pathology suggests that distinct pathological TDP-43 protein
conformations, also known as strains, could play a role in the clinical and pathological
heterogeneity in FTLD-TDP. In this regard, strain-like properties of misfolded proteins have
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been well described in other neurodegenerative diseases, including a-synucleinopthies,12-14
Ap amyloidosis,1>16 tauopathies!’~19 and to some extent TDP-43 proteinopathies.20-23

The ability of pathological TDP-43 proteins obtained from post-mortem brain extracts to
induce de-novo TDP-43 aggregates has been demonstrated in vitro and in vivo.20.21.23-25
Cell-to-cell transmissibility of TDP-43 oligomers has been shown in cultured neurons,
with retrograde transport from axonal terminals to the soma and anterograde transport
from axonal terminals to interconnected cell populations.2! Evidence that such cell-to-cell
transmission can occur /77 vivo has been shown recently in experimental animal models.20
Stereotaxic injections of human brain-derived TDP-43 extracts from FTLD-TDP cases into
the brains of doxycycline (Dox)-regulatable transgenic (Tg) mice that express cytoplasmic
human TDP-43 proteins25-28 as well as in wild-type mice (WT), led to a time-dependent
induction of TDP-43 aggregates in recipient mice.29 Moreover, the propagation and
spreading of TDP-43 pathology in a time-dependent manner was observed in the brains

of CamKlla-hTDP-43y_sm Mice injected with human brain-derived pathological TDP-43
from the injection site to distal areas. The presence of TDP-43 pathology in interconnected
brain regions supports the hypothesis of a transneuronal mechanism of spreading through the
neuroanatomical connectome.

Here we show that pathological TDP-43 proteins or strains extracted from brains of different
FTLD-TDP subtypes, when used as pathogenic seeds after introduction into a doxycycline-
inducible cell line expressing GFP-tagged cytoplasmic TDP-43 protein (iGFP-NLSm),20
differentially recruit TDP-43 into phosphorylated cytoplasmic aggregates with distinct
morphological features. Moreover, we show that intracerebral injections of brain-derived
TDP-43 strains into CamKlla-hTDP-43y sm Tg mice induce distinctive morphological,
subcellular distributions and spreading patterns of TDP-43 pathology in the brain and
suggest a novel mechanism of disease progression in FTLD-TDP.

MATERIALS AND METHODS

Autopsy cohort

Human post-mortem brains were obtained from the CNDR Brain Bank at the University of
Pennsylvania.2? All necessary informed consent forms were obtained from the patients or
their next of kin at the time of death. Histopathologic subtyping of our FTLD-TDP cohort
was conducted according to established guidelines.”8 Genetic testing for GRN mutations,
C9orf72 expansions and 7BKI mutations was performed as previously described.30-32 The
genetic and demographic data of cases used in this study are summarised in Table S1.

Brain-derived TDP-43 protein extracts from FTLD-TDP cases

Brain-derived sarkosyl-insoluble TDP-43 proteins were obtained from human post-mortem
brains by sequential extraction using buffers of increasing strength as described.29 Briefly,
grey matter from the frozen frontal cortex was extracted with 1% Triton X-100 high salt
buffer (HS).11.20 After myelin removal, the resulting pellet was treated with Benzonase and
extracted with 2% sarkosyl-HS buffer. The pellet was washed and re-suspended with DPBS
(Dulbecco’s phosphate-buffered saline) by sonication using a hand-held probe (QSonica,
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Newtown, CT). Finally, an additional spin at 5,000 x g for 5 min at 4°C was performed to
remove large protein debris to obtain the final sarkosyl-insoluble fraction (sark-insoluble).
Total protein concentration was measured by BCA assay (Thermo Scientific Inc., Rockford,
IL), and TDP-43 protein concentration was determined using TDP-43 Enzyme-linked
Immunosorbent Sandwich Assay (ELISA) (see supplementary Materials and Methods).

Maintenance of dox-inducible GFP-NLSm stable cell lines (iGFP-NLSm)

iGFP-NLSm stable cells (clone #6.B7) were maintained in Dulbecco’s modified Eagle’s
medium (DMEM, Corning Cellgro, Manassas, VA) with 10% of tetracycline-screened FBS
(Atlanta Biologicals, Flowery Branch, GA), 1% Penicillin-Streptomycin (Corning Cellgro,
Manassas, VA) and L-glutamine (20 mM, Corning Cellgro, Manassas, VA) at 37°C in

a humidified chamber containing 5% CO,. Once a week, cells were maintained under
selection conditions by adding G418 (400 ug/ml, Calbiochem, La Jolla, CA) and puromycin
(2 pg/ml, MilliporeSigma, St Louis, MO).

In vitro TDP-43 seeding assay

Brain-derived sarkosyl-insoluble extracts were sonicated using a hand-held probe (3 x 10
pulses, intensity 2.5, QSonica, Newtown, CT) and equivalent amounts of insoluble TDP-43
protein i.e. 0.25-0.3 ng (24-MW plates), 1-1.2 ng (6-MW plates), according to ELISA
(C89) measures (Table S2), were transduced into iGFP-NLSm cells using Bioporter® as a
protein delivery reagent (BP509696, Genlantis, San Diego, CA) as previously described.20
Protein-B ioporter® complexes were added to the cells and incubated for 4 h. Cells were
placed back on fresh medium in the absence or presence of doxycycline (Dox, 1.0 ug/ml)
and cultured for 1, 2 or 3 additional days depending on the experimental approach. Cell
culture experiments were blinded with respect to the patient-derived brain extracts used for
transduction and posterior analysis.

Sequential biochemical fractionation of cell extracts

iGFP-NLSm cells were plated in 6-MW plates (1.5 x 10° cells) and proteins were extracted
3 days post-transduction as described previously.2? The final sarkosyl-insoluble pellet was
resuspended in 50 pl of DPBS by sonication and saved as sark-insoluble fraction.

Mouse cohorts

Heterozygous and homozygous tetO-hTDP-43y sy mice were bred with CamKlla-tTA
mice to generate bigenic mice, as described previously.26-28 Both male and female adult
mice (3-5 months old) were used for this study. Mice were maintained with chow containing
Dox (200 mg/kg, Dox Diet, S3888; Bio-Serv., Flemington, NJ). Transgene expression was
induced by switching to standard chow lacking Dox (Rodent Diet 20 #5053, PicoLab, St.
Louis, MO). All breeding, housing and procedures were performed following the NIH Guide
for the Care and Use of Experimental Animals. Studies were approved by the Institutional
Animal Care and Use Committee of the University of Pennsylvania (IACUC).
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Stereotaxic surgery on mice

One week prior to stereotaxic surgery the CamKIlla-hTDP-43y_sm mice were switched

to standard chow to induce transgene expression. Stereotaxic surgery was performed as
described previously.29-33 Sark-insoluble brain extracts were sonicated (6 x 10 pulses,
intensity 2.5) and aseptically inoculated (2.5 pl/injection site) using a Hamilton® syringe
(Hamilton, NV) unilaterally in the dorsal hippocampus (rate of 0.4 pl/min) and overlying
cortex (rate of 0.4 pl/min) (Bregma: —2.54 mm; lateral: +2 mm; depth: — 2.4 mm and -1.4
mm, respectively, from the top of the skull) (Figure 5A).

Mouse tissue collection

Mice were lethally anaesthetised using ketamine/xylazine/acepromazine, and intracardially
perfused first with cold DPBS and then perfused-fixed with 20 ml of 10% neutral-buffered
formalin (NBF) (rate = 2 ml/min). The brains were dissected and post-fixed in NBF
overnight at 4°C. Fixed brains were rinsed in leaching buffer (50 mM Tris, 150 mM NaCl,
pH 8.0), cut in 2-mm-thick coronal slices, and processed for paraffin embedding.

Immunocytochemistry

iGFP-NLSm cells were fixed with 4% paraformaldehyde (PFA) in PBS When indicated, to
remove cytoplasmic soluble proteins and visualise the insoluble TDP-43 aggregates cells
were fixed in 4% PFA containing 1% Triton X-100 for 15 min to remove soluble proteins
and processed as described in Porta et al.2% Cells were incubated with specific primary
antibodies overnight at 4°C followed by incubation with secondary antibodies for 1 h at
room temperature (Table S4). Coverslips were mounted with Fluoromount G™ containing
DAPI (Thermo Scientific Inc., Rockford, IL).

The presence of p409-410-positive aggregates and its classification (%) as spherical, wisp/
skein-like aggregates or both was evaluated in three biological replicates by manually
counting cells using the ImageJ software. In each replicate, ten different images were
obtained at 40x magnification in a high-resolution Leica DMI6000B microscope. An
average of 408 + 139 cells was counted for each time point analysed. All the quantifications
were performed blinded with respect to the patient-derived extracts used for transduction.

The values of circularity (4r x area/(perimeter)?) and roundness (4 x area/(r x
(major_axis)?)) of the silhouettes of p409-410-positive aggregates were measured using
the ImageJ software (Fiji).3# For the analysis, ten different 40x images were used for each
FTLD-TDP subtype. Immunofluorescent images were converted to digital binary images
and the values of circularity and roundness of aggregate-size class were integrated into

a total circularity and roundness distribution for the individual samples. The calculated
frequency distributions of circularity and roundness data, ranging from 0 to 1.0 with 0.05
intervals were generated with Prism software 7.0 (GraphPad Software, La Jolla, CA).

Immunohistochemistry

IHC studies were performed in paraffin-embedded coronal mouse brain (6 um) as described
in Porta et al.20 Briefly, deparaffinised and rehydrated. brain sections were blocked and
immunostained with the corresponding primary antibody (Table S4) overnight at 4°C.
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Sections were incubated for 1 h at room temperature with a biotin-conjugated secondary
antibody (Table S4). Antigen-antibody reactions were visualised using VECTASTAIN
AB solution and ImmPACT DAB solution (Vector Laboratories Inc., Burlingame, CA)
and counterstained with haematoxylin solution. Bright-field images were acquired at 20x
magnification using a Lamina Multilabel slide scanner (Perkin Elmer, Waltham, MA).

For double-label immunofluorescence, deparaffinised sections were blocked and incubated
with different combinations of primary antibodies overnight at 4°C (Table S4). Secondary
antibodies (Table S4) were incubated for 2 h at room temperature in a humidified chamber.
To reduce endogenous autofluorescence, brain sections were immersed in a 0.3% Sudan
black-70% ethanol solution for 15-20 seconds, followed by a wash in water for 10 min.
Finally, sections were mounted in Vectashield-hard medium containing DAPI (Mector
Laboratories Inc., Burlingame, CA). Images were obtained in a high-resolution Leica
DMI6000B microscope using the Leica LAS-X software.

Immunoblot analyses

The biochemical analyses of sark-insoluble TDP-43 proteins from human FTLD-TDP brains
(~1-4 ng TDP-43 protein/lane) or iIGFP-NLSm transduced cells (1/3 of sark-insoluble
fraction) were analysed on 12% Bis—Tris gels (NUPAGE Novex, Thermo Scientific Inc.,
Rockford, IL) as described in Porta et al.20 Membranes were immunoblotted overnight at
4°C with primary antibodies (Table S4). After three washes in 0.1 M Tris buffer with 0.1%
Tween-20 membranes were incubated with IRDye-labelled secondary antibodies (Table S4).
Blots were scanned using an Odyssey infrared system (ODY-2816 Imager) and the images
analysed with the Image Studio software (LI-COR Biotechnology, Lincoln, NE).

PK digestion assay

For PK digestion, ~7 pg of total protein from brain-derived sark-insoluble extracts (~ 1.0—
4.0 ng of TDP-43 protein (Elisa C89)) was incubated with increasing concentrations of
PK (i.e. 0,0.25, 0.5, 1.0, 2.5 pg/ml) for 30 min at 37°C.20 The reaction was stopped with
5 mM PMSF and samples were centrifuged at 100,000xg for 1 h at 4°C. The pellet was
resuspended in 20 pl of 1x Laemmli buffer and analysed by immunoblot.

Electron microscopy

Transmission EM images were collected using a JEOL-1010 electron microscope at the
University of Pennsylvania Biomedical Imaging Core. Immuno-EM of iGFP-NLSm cells
transduced with brain-derived FTLD-TDP extracts was performed as previously described3®
using mAb p409-410 as the primary antibody.

Statistics

For each analysis, the corresponding statistics test is indicated in the figure legend.
Statistical analysis of cytotoxicity and viability assays was performed using one-way
analysis of variance (ANOVA) using Prism software 7.0 (GraphPad Software, La Jolla, CA).
The statistical analysis of the cumulative distribution of roundness and circularity values
was performed using the Kolmogorov—Smirnov unpaired #test (p-value < 0.0001) Statistical
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analysis of PK resistance assay was performed using a linear mixed-effects model using R
studio 3.0.1+.

RESULTS

Morphological differences in TDP-43 aggregates in GFP-NLSm expressing cells seeded
with brain-derived TDP-43 extracts from distinct FTLD-TDP subtypes

We and others have shown that brain-derived pathological TDP-43 protein extracted from
FTLD-TDP cases act as pathogenic seeds to form de novo TDP-43 aggregates in a recipient
cell by corrupting the normal protein to adopt pathological conformations /n vitro.20.21.24.25
Here, we evaluated whether brain-derived TDP-43 protein obtained from FTLD-TDP

cases characterised by four of the five known TDP-43 subtypes A, B, C and E, have

distinct seeding properties. Type D was not included here due to our lack of frozen brain
samples. The iGFP-NLSm stable cell line generated previously?? was used as a cell-based
reporting system to evaluate the morphology of TDP-43 aggregates induced by distinct
TDP-43 pathogenic seeds (Figure S1A and Table S1). Equivalent amounts of brain-derived
pathological TDP-43 proteins (sark-insoluble fraction) were transduced in iGFP-NLSm
cells (Figure S1B and Table S2) and three days-post transduction (dpt) triton-insoluble and
phosphorylated TDP-43 aggregates were detected by immunocytochemistry (ICC) using the
phospho-specific mAb Ser409/Ser410 (Figure 1A, p409-410, magenta).

In GFP-NLSm expressing cells transduced with either type A and B brain extracts, TDP-43
aggregates were spherical, highly phosphorylated and widely distributed in the cytoplasm
(Figure 1A, type A and type B (insets) and Figure S2). p409-410-positive aggregates were
not detected when brain-derived pathological TDP-43 from type C cases were used as
pathogenic seeds (Figure 1A, type C). In contrast, FTLD-TDP type E seeds resulted in
aggregates with a distinctive small linear, straight and wavy fibrillar structure that we called
wisps (Figure 1A, type E (inset) and Figure S2) as well as bigger heterogeneous filamentous
skein-like aggregates (Figure 1A, type E (arrowhead)). This was confirmed by confocal
microscopy using a maximum projection of a Z-stack to visualise the morphological
differences between spherical (Figure 1B, type A (arrows) and movie 1) and wisps/skein-
like p409-410-positive aggregates (Figure 1B, type E (arrows and arrowheads respectively)
and movie 2). The ultra-structure of these spherical (Figure 1C, type A (arrows)) and
filamentous (Figure 1C, type E (arrowheads)) aggregates was also analysed by electron
microscopy (EM). No significant effects in cytotoxicity (Figure S2B, LDH assay) or
viability (Figure S2C, Alamar blue assay) were observed in iGFP-NLSm cells transduced
with different FTLD-TDP subtypes when compared with brain-derived extracts from a
non-pathological case (CTRL), Bioporter alone or non-transduced condition (Dox+) used as
control conditions.

We performed an unbiased morphometric analysis using ImageJ software to evaluate the
differences in the shape between spherical and wisps/skein-like TDP-43 aggregates by
measuring roundness and circularity parameters (Figure 1D).34 Posterior analysis of these
two parameters showed statistically significant differences in the cumulative distribution of
roundness and circularity values of p409-410-positive aggregates for cells transduced with
type A vs. type E seeds (Figure 1D, plots). Thus, unbiased analyses of these differently
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shaped aggregates provide further support to the hypothesis that the pathogenesis of type A
and type E aggregates is distinct.

Time course characterisation for the formation of TDP-43 aggregates and their uniformity

We next characterised the formation of p409-410-positive aggregates over-time in iGFP-
NLSm cells transduced with FTLD-TDP brain-derived type A and type E extracts.
Triton-insoluble p409-410-positive aggregates were analysed at 1, 2 and 3 dpt (Figure

2A, magenta). Morphological differences between p409-410-positive aggregates in cells
transduced with type A vs. type E extracts were detectable as early as 1 dpt. Incipient
cytoplasmic spherical aggregates were detected in cells transduced with type A extracts

at 1dpt, and the number of these aggregates increased over-time with a concomitant
enlargement in the size of these perinuclear aggregates (Figure 2A, top panels (arrows)). In
contrast, type E seeds induced both wisps and skein-like aggregates even at 1dpt. Over-time,
wisps were still detectable, whereas skein-like aggregates became more prominent and
compact (Figure 2A, bottom panels (arrows and arrowheads respectively)).

We evaluated quantitatively the uniformity of the morphological features of TDP-43
aggregates over-time. iGFP-NLSm cells bearing aggregates were classified as either
spherical, wisp/skein-like or both (Figure 2B). At the different time points analysed, nearly
all the cells transduced with type A extracts bear spherical aggregates (Figure 2B, black
bars), whereas cells transduced with type E extracts contain wisp and skein-like aggregates
(Figure 2B, grey bars). Since very few cells were found carrying both spherical and
wisps/skein-like aggregates in the same cell (Figure 2B, white bars), our data demonstrate
a high degree of uniformity in the ability of individual TDP-43 subtypes to induce
pTDP-43 inclusions. Overall, these results suggest that distinct TDP-43 strains are present
in brain-derived extracts from different FTLD-TDP subtypes and they have specific seeding
properties for self-templating TDP-43 protein into aggregates with distinct morphological
features.

Morphological features of TDP-43 aggregates induced in iGFP-NLSm cells are propagated
from progenitor to offspring cells

We assessed if the TDP-43 aggregates seeded by brain-derived FTLD-TDP extracts could be
propagated to daughter cells. Images in Figure S3 show a 12-hour time-frame (i.e. t1-t12)
of live imaging of iGFP-NLSm cells transduced with type A (Figure S3A), type B (Figure
S3B) and type E (Figure S3C) extracts. Spherical-aggregates in type A and B seeded cells
were dynamic and fused as well as unfused rapidly (movie 3 and 4). Prior to cell division,
several small aggregates merged to form bigger and elongated aggregates (Figure S3A-B
(arrows) and movie 3-4). After cell division, spherical aggregates were detected in daughter
cells (Figure S3A (t8) and b (t4) (asterisks)), and these small spherical aggregates evolved
over time. In type E seeded cells, wisps and skein-like aggregates were not as dynamic

as spherical aggregates (movie 5). However, additional single wisps were recruited into
preformed skein-like aggregates over-time (movie 5). After cell division (Figure S3C, t6—
t12 (asterisk)), daughter cells showed small cytoplasmic wisps assembled to form a bigger
heterogeneous filamentous structure over-time (Figure S3C, t6-t12 (arrow) and movie 5).
Unfortunately, to distinguish the wisps aggregates from the diffuse cytoplasmic signal of
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GFP-NLSm protein, it was necessary to increase the exposure time of the fluorescence
signal during live cell-imaging and consequently, the skein-like structures appeared as bright
circular aggregates (Figure S3C, t1-t12 (arrowheads)). These results showed that specific
pathological strains appear to be propagated to daughter cells.

Distinct biochemical banding pattern of sark-insoluble TDP-43 proteins recovered from
iGFP-NLSm cells transduced with different FTLD-TDP subtypes

Several groups have shown that different biochemically extracted species of pathological
TDP-43 have slightly different banding patterns of C-terminal fragments (CTFs).11.36.37
Immunoblot analysis of the sark-insoluble fractions from FTLD-TDP brains, using a pan-
TDP-43 antibody and mAb p409-410, showed the presence of the full-length TDP-43
protein with a Mr of ~43 kDa (Figure S1B, arrowhead) and the characteristic CTFs resulting
from partial proteolysis including three major bands with a theoretical Mr ranging between
~20-26 kDa (Figure S1B, bands #1, #2 and #3) and two minor bands at ~18-19 kDa (Figure
S1B, bands #4 and #5).36:37 Although in our patient cohort, the banding pattern of CTFs
between type A, B and C extracts was barely indistinguishable as described by other groups,
type E extracts exhibited a more prominent CTF band #1 (Figure S1B) when compared with
the other previously described TDP-43 subtypes.11

To evaluate /n vitro if the morphological differences in p409-410-positive aggregates were
associated with the formation of distinct insoluble TDP-43 species, we analysed the banding
patterns of TDP-43 proteins in the sark-insoluble fraction from transduced iGFP-NLSm
cells (Figure 3A, left panels). This analysis revealed an accumulation of phosphorylated
exogenous GFP-NLSm protein (Figure 3A), endogenous TDP-43 (Figure 3A, arrowhead)
and three major C-terminal fragments (Figure 3A, CTFs bands #1, #2 and #3) in cells
transduced with type A, B and E extracts (Figure 3A). In contrast, phosphorylated

TDP-43 protein was not appreciably recovered from cells transduced with type C extracts,
confirming a reduced seeding activity (Figure 3A). No appreciable phosphorylated TDP-43
protein was recovered from cells treated only with transduction reagent (Bioporter) and
presence of dox (Figure 3A, right panels, Dox+). A non-phosphorylated N-terminal TDP-43
truncated fragment ~35 kDa is present in all transduction conditions (Figure 3A, left and
right panels, asterisk). These results indicated that the accumulation of sark-insoluble and
phosphorylated TDP-43 protein present in cells transduced with FTLD-TDP extracts from
type A, B and E cases is not just due to the exogenous overexpression of GFP-NLSm protein
in presence of dox or due to the transduction reagent.

To confirm that the sark-insoluble full-length TDP-43 proteins and CTFs were newly formed
species from transduced GFP-NLSm expressing cells and not from the human brain-derived
TDP-43 extracts used as seeds, we first transduced the iGFP-NLSm cells in the absence

or presence of dox (Figure 3B, Dox— and Dox + respectively). Next, we analysed the
brain-derived extracts used as seeds and the sark-insoluble fraction obtained from cells
transduced with the respective brain-derived extracts side-by-side by immunoblotting using
a pan-TDP-43 antibody and mAb p409-410 (Figure 3B). There was an increase in insoluble
phosphorylated TDP-43 species only in cells expressing exogenously GFP-NLSm protein
(Figure 3B, Dox-vs. Dox+). These results demonstrated that insoluble phosphorylated
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TDP-43 recovered from GFP-NLSm cells are newly formed TDP-43 species and confirmed
that the presence of cytoplasmic TDP-43 enhances the seeding process as described
previously.20 Interestingly, in both the Dox— and Dox + conditions, type E seeds recruited
more endogenous TDP-43 proteins into the sark-insoluble aggregates than type A and type
B seeds (Figure 3b, arrowhead). In addition, we observed a slightly different banding pattern
of intermediate-sized TDP-43 fragments in sark-insoluble extracts from cells transduced
with either type A or B vs. type E seeds (Figure 3B, asterisk).

Finally, we carefully compared the banding patterns of CTFs in sark-insoluble extracts
from human brains and iGFP-NLSm-transduced cells (Figure 3B, white dashed box, and
3c). A schematic representation of the different CTFs is illustrated in Figure 3C. We
detected differences in the biochemical banding patterns of the CTFs in the human brain-
derived material (Figure 3C, bands #1, #2 and #3) and sark-insoluble CTFs recovered from
transduced cells (Figure 3C, bands #1-6). Curiously, the top CTF product which was more
prominent in brain-derived type E extracts (Figure 3C, band #1), appeared as a doublet in
the sark-insoluble extracts from the cells transduced with the three different FTLD-TDP
subtypes (Figure 3C, bands #1 and #2). The CTF band #3 in the human brain-derived
extracts (Figure 3C, band #3) ran slightly different in cell extracts (Figure 3C, Dox+,

band #5). Moreover, sark-insoluble extracts from cells transduced with either type A, B

or E extracts showed the presence of additional CTFs, including a non-phosphorylated
fragment (Figure 3C, Dox+, band #3 (red)) and a fragment with electrophoretic mobility ~20
kDa (Figure 3C, Dox+, band #6). We observed that CTF band #4 was more abundant in
sark-insoluble extracts from cells transduced with either type A or B extracts than in type E
seeded cells (Figure 3C, Dox+, band #4). The biochemical analysis of the sark-insoluble
cells extracts studied here showed the presence of slightly different insoluble TDP-43
products in cells transduced with types A, B vs. type E suggesting that a specific assembly
of insoluble TDP-43 in living cells can give rise to distinctive types of TDP-43 aggregates.

Distinct TDP-43 strains present in brain-derived FTLD-TDP extracts are associated with
distinctive morphotypes of TDP-43 aggregates in vitro

We next evaluated if distinct fragments or conformations of insoluble TDP-43 recovered
from FTLD-TDP brains may be responsible for the different TDP-43 morphotypes induced
by type A, B and E extracts /in vitro. We first probed membrane strips containing sark-
insoluble fractions from type A and E brains with a panel of different antibodies recognising
distinct epitopes across the entire TDP-43 protein including both commercial and in-house
made antibodies targeting the mid-domain of TDP-43, the RNA-recognition motive-2
(RRM2) as well as the flanking regions, and the C-terminal low complexity domain (LCD)
(Figure S4A). Other than the more abundant top CTF band #1 in type E extracts (Figure
S4B, asterisk) that is recognised by several antibodies (i.e. PT#17082, 2E2-D3, 2052, c2089
and p409-410), the analysis did not reveal TDP-43 fragments differentially overrepresented
that could be interpreted to drive the formation of distinct types of TDP-43 aggregates /n
vitro. However, further study of this is warranted to assess whether more subtle differences
can be discerned.
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To rule out the possibility that the morphological differences in TDP-43 aggregates observed
in vitro could be an artefact due to the presence of other contaminants in the brain extracts,
we immunoprecipitated TDP-43 proteins from sark-insoluble FTLD-TDP extracts. First,
TDP-43 was immunoprecipitated from type A and type E extracts using a rabbit polyclonal
C-terminal antibody (C2089). Rabbit 1gGs (IgG Rb) were used as a negative control.

Immunodepletion (ID) of TDP-43 proteins from the sark-insoluble fraction was confirmed
by immunoblotting with the mAb p409-410 (Figure S4C). Whereas full-length TDP-43
(Figure SAC, arrowhead) and CTFs remained in the extracts incubated with 1gG control
(Figure S4C, 1gG Rb), both were mostly eliminated after incubation with C2089 antibody
(Figure SAC, ID TDP43). Next, the immunoprecipitated material was eluted and analysed by
immunoblotting (Figure S4D). Notably, immunoprecipitation preserves full-length TDP-43
proteins and the distinctive biochemical signature of the CTFs from the original type

A and type E extract (Figure S4C). Finally, immunoprecipitated TDP-43 was used as

the pathogenic seeds in iGFP-NLSm cells, and the formation of TDP-43 aggregates

was analysed 3 dpt (Figure S4E). It is evident that these aggregates recapitulated the
morphological differences observed with the original brain-derived extracts including

the formation of spherical aggregates (Figure S4C, arrows) in cells transduced with
immunoprecipitated TDP-43 proteins from type A extracts, and the formation of wisps
(Figure S4E, arrows) and skein-like aggregates (Figure S4E, arrowhead) in cells transduced
with immunoprecipitated TDP-43 from type E extracts. These results support the idea that
specific TDP-43 strains are present in extracts from different FTLD-TDP subtypes and
contaminating proteins do not result in defined seeding properties.

To further explore whether the distinct morphologies of TDP-43 aggregates induced /n

vitro were due to distinct TDP-43 strains, we assessed the conformational differences

in pathological TDP-43 protein present in FTLD-TDP brains using a proteinase K (PK)
digestion assay.19:20.25.38.39 The relative resistance of TDP-43 protein to PK digestion was
evaluated using increasing concentrations of PK and analysed by immunoblotting (Figure
4A). The percent of PK resistance of full-length TDP-43 protein (Figure 4A, arrowhead) and
each major CTF (Figure 4A, CTFs bands #1-5) was quantified and plotted as a function

of the PK concentration, normalising in each case the signal to PK non-digested products
(Figure 4B). A linear mixed-effects model demonstrated that full-length TDP-43 protein
(Figure 4C, TDP-43) and the CTF band #1 (Figure 4C) exhibited a significant higher
susceptibility to PK digestion in type E extracts relative to type A and B extracts (Figure
4C, full length TDP-43 p=0.025; CTF band #1 p= 0.023). The steeper decline in % PK
resistance of TDP-43 FL and CTF band #1 suggests the presence of distinct brain-derived
TDP-43 strains in type E cases vs. type A/B cases which could convey different pathological
properties on these proteins that are reflected as a difference in disease mechanism.

Brain-derived TDP-43 strains from FTLD-TDP subtypes display distinct seeding properties
in vivo
We recently showed that injections of sark-insoluble extracts from FTLD-TDP type A and
B brains into the CNS of TDP-43 Tg as well as WT mice induced the formation of de
novo phosphorylated TDP-43 aggregates.29 We also showed that the burden of TDP-43
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pathology and its propagation over-time was more abundant when TDP-43 was mislocalised
in the cytoplasm of the TDP-43 Tg mice (i.e. CamKlla-hTDP-43y_sm).2° Here we used the
same Dox-regulatable CamKIla-hTDP-43y\_sm Tg mice to analyse the seeding properties of
brain-derived type E extracts and to compare them with previously described results from
injections of type A and B extracts in viv0.29 Although type C extracts did not show seeding
activity /n vitro, we tested whether or not type C seeds were capable of inducing de novo
TDP-43 pathology in mouse brains.

We stereotaxically injected comparable amounts of brain-derived pathological TDP-43
(~1.5 ng TDP-43/injection site) from different FTLD-TDP subtypes (Table S3) into the
hippocampus and the overlying cortex (Figure 5A) and evaluated the formation of de novo
TDP-43 pathology by immunohistochemistry (IHC) using the mAb p409-410 at 1-month
post-injection (mpi). We validated the results originally described by Porta et al.,2? using
additional FTLD-TDP type A and type B extracts (Table S3). At 1 mpi, we detected a

high burden of p409-410-positive immunostaining in brain areas ipsilateral to the injection
(i.e. hippocampus, subiculum, ectorhinal/perirhinal cortex (Ect/PRh) and neocortical areas
(cortex)) in the brains of mice injected with type A and B extracts (Figure 5B). However, no
p409-410 immunopositive staining was detected in any of the brains of mice injected with
type C extracts at 1mpi (Figure 5B), consistent with our cell culture data suggesting that type
C strains are poor at seeding TDP-43 protein into aggregates.

Interestingly, the neuropathological analysis of CamKIlla-hTDP-43y sy brains injected with
type E extracts showed a distinctive pattern of p409-410-positive staining when compared
with mice injected with type A or type B extracts (Figure 5B, type A or B vs. type E).

For example, mice injected with type A or B extracts showed widespread recruitment of
TDP-43 protein into p409-410-positive NCls in CAL pyramidal cell bodies (Figure 5B,
inset (arrows)) and their apical and basal dendrites in the stratum radiatum (rad) and oriens
(or) respectively (Figure 5B, (arrowheads)). However, p409-410-positive immunostaining
was markedly less abundant in mice injected with type E extracts, and the resulting
TDP-43 aggregates showed distinctive morphological characteristics. In the hippocampus
of mice injected with type E extracts, p409-410-positive NCIs were restricted to scattered
CA1 pyramidal neurons and formed dot-like inclusions (Figure 5B, inset (black arrow))

as well as fibrillar cytoplasmic aggregates (Figure 5B, inset (white arrow)) that resemble
skein-like TDP-43 aggregates found in ALS patients. Moreover, scant p409-410-positive
immunostaining was detected in neuronal projections in type E injected mice (Figure 5B,
rad (arrowhead)). These results were confirmed using another TDP-43 phospho-specific
antibody that recognises a different TDP-43 phosphorylation-dependent epitope, that is
pSer403/pSerd04 (Figure S5, p409-410 vs. p403-404).

We used a polyclonal anti-TDP-43 antibody that preferentially recognises hTDP-43 proteins
to detect these proteins in mice injected with type A and E brain extracts by IHC (Figure S5,
hTDP-43, right panels). Surprisingly, despite the high expression levels of the hTDP-43ysm
protein in the cytoplasm of neurons without aggregates in CamKIlla-hTDP-43y_ sy mice
(Figure S5, right panels, inset (asterisks)), in both type A and type E injected mice neurons
bearing aggregates showed that hnTDP-43y sm proteins were completely recruited into
cytoplasmic TDP-43 aggregates (Figure S5, insets (arrows)). Finally, we show that de novo
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TDP-43 pathology induced in the brain of mice injected with type E was also positive for
p62 and ubiquitin (Figure S6) as previously described in mice injected with type A and B
extracts.20

Differences in morphology and burden of TDP-43 aggregates between CamKlla-
hTDP-43ysm mice injected with type A or B vs. type E extracts were also detected

in other brain regions such as subiculum and Ect/PRh cortex and neocortical areas. The
subiculum of type A and B injected mice showed intense p409-410 immunoreactivity in
neuronal cell bodies (Figure 5B, insets (black arrow)) and neuropil. In contrast, in type

E injected mice, p409-410-positive staining was restricted to scattered neurons, and no
staining was observed in the neuropil. Also, as in the hippocampus, cytoplasmic p409-410
aggregates in the subiculum displayed dot-like (Figure 5B, inset (black arrow)) as well as
skein-like morphologies (Figure 5B, insets (white arrowheads)). In other brain areas directly
interconnected with the hippocampal injection site such as Ect/PRh cortex, mice injected
with type A and B extracts consistently showed p409-410-positive NCls (Figure 5B, insets
(black arrowheads)) and neuropil threads in superficial layers contrasting with scarce newly
formed p409-410-positive aggregates in mice injected with type E extracts at 1 mpi.

In the ipsilateral cortex, CamKIla-hTDP-43NLSM mice injected with either type A and

type B extracts at 1mpi, showed p409-410-positive NCls and neuropil threads in different
cortical layers, preferentially in layer VI (Figure 5b, layers I-VI and insets (black arrows)) as
previously described,2? whereas only scattered neurons bearing p409-410-positive NCls are
detected in the cortex of mice injected with type E extracts (Figure 5B, layer V). Moreover,
in contrast with the wide distribution of pTDP-43 staining in the cytoplasm and proximal
projections in type A or B injected mice, TDP-43 pathology in mice injected with type

E, displayed perinuclear dot-like aggregates (Figure 5B, inset (black arrow)) and skein-like
inclusions (Figure 5B, inset (white arrows)).

Overall, these results confirm that different TDP-43 strains isolated from different FTLD-
TDP subtypes have distinct seeding capabilities to self-templating TDP-43 protein into
phosphorylated aggregates with a distinctive subcellular distribution and morphology in the
brain.

Differences in the spreading pattern of TDP-43 pathology in CamKlla-hTDP-43y.sm Tg
mice injected with pathological TDP-43 strains from different FTLD-TDP subtypes

We recently showed that in the brains of mice injected with brain-derived insoluble TDP-43
(e.g. type A and type B), the TDP-43 pathology propagated and spread in the brain in a
time-dependent manner to distal areas from the injections site, including the contralateral
side as well as to rostral and caudal brain areas distal to the injection site.20

We describe here notable TDP-43 aggregate seeding and propagation differences over time
between brain-derived TDP-43 obtained from different FTLD-TDP subtypes in the brains
of CamKIlla-hTDP-43y_sm mice. We evaluated how the differences in seeding affected the
propagation and spreading of TDP-43 pathology throughout the brain over-time at 3 mpi.
As previously described,20 we confirmed an increase in the burden and wide spreading of
TDP-43 pathology to rostral and caudal brain areas distal to the injection site (Figure 6A)
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using additional type A and B extracts injected into CamKlla-hTDP-43y_sm mice at 3 mpi
(Figure 6B and Figure S7). These results contrasted with the absence of p409-410-positive
staining in mice injected with type C seeds (Figure 6B, and Figure S7) and the limited
spreading of TDP-43 pathology in brains of CamKlla-hTDP-43y_sm mice injected with
type E seeds in both ipsilateral (Figure 6B) and contralateral side of the brain (Figure S6).
The spreading pattern of TDP-43 pathology in the brains of mice injected with type E
extracts was mainly restricted to specific brain areas in the ipsilateral side such as the caudal
hippocampus and subiculum (Figure 6B), the parahippocampal region (PHR) and lateral
entorhinal cortex (Figure 6B, LEnt) and the ventral retrosplenial cortex (Figure 6B, RSCv).

In addition to differences in the burden and limited spreading of TDP-43 pathology,
differences in the morphology and subcellular distribution of TDP-43 aggregates were

also visible at 3 mpi compared with the brains of mice injected with type E vs. type

A or B extracts. Mice injected with type A or type B extracts, showed a higher burden

of p409-410-positive NClIs (Figure 6B and insets (arrow)), short and long DNs (Figure

6B, black arrowheads) as well as dot-like staining in the neuropil (Figure 6B, white
arrowheads). We also noted the presence of p409-410-positive staining in white matter
tracts in the dorsal hippocampal commissure adjacent to the subiculum (caudal) (Figure

6B, dhc, white arrowheads). In contrast, CamKlla-hTDP-43y sm Mice injected with type

E extracts developed TDP-43 pathology only in scattered neurons with p409-410-positive
NCls showing perinuclear dot-like and skein-like morphologies (Figure 6B, black and white
arrows respectively (insets)). Furthermore, we also detected an increase in dot-like staining
in the (Figure 6B, white arrowheads) in the subiculum of the caudal subiculum and RSCv.
Notably, in mice injected with type A and B extracts, the TDP-43 pathology spreads to
additional cortical areas such as the visual cortex (Figure 6B, VIS) and ventral (Figure

6B, RSCv) and lateral agranular retrosplenial cortex (Figure 6B, RSCagl). In contrast, in
type E injected Tg mice, TDP-43 pathology was found mainly in the RSCv. Moreover, the
spreading of TDP-43 pathology was not detected in the contralateral side of the brain in
mice injected with type E extracts. Only one of ten injected mice showed a few cells with
p409-410-positive dot-like NCls in the contralateral hippocampus (Figure S7, inset (arrow)).

The burden of TDP-43 pathology in cortical and hippocampal brain areas in mice injected
with FTLD-TDP type A, B and E extracts was quantified at 1 and 3 mpi and represented as
heat-maps to visualise the spreading pattern throughout the brain (Figure S8). The heat-maps
showed some differences in the burden of TDP-43 pathology between mice injected with
brain-derived type A and B seeds, however, the spreading pattern in the ipsilateral (Figure
S8, ipsi) and contralateral (Figure S8, contra) sides and in rostral (Figure S8, Bregma - 2.3
mm) and caudal brain areas (Figure S8, Bregma — 3.52 mm and —4.48 mm) distal from

the injection site (Figure 5A, Bregma — 2.54 mm) is similar over-time. In contrast, TDP-43
pathology in mice injected with type E extracts, as described above, is very restricted to
brain areas such as CA1 layer, subiculum and in some brain regions, the small burden of
TDP-43 pathology was not distinguishable from the background. The burden of TDP-43
pathology in each region analysed and for each individual injected mouse is represented in
the colour-scale plots at 1 and 3 mpi (Figure S8, right panels).
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We analysed an additional time-point at 9 mpi for CamKIlla-hTDP-43y_ sy mice injected
with type C and E extracts. Even at longer time points, no p409—-410 immunostaining was
detected in the brains of mice injected with type C TDP-43 pathology and in only one of
five mice injected we identified a few p409-410-positive NClIs (Figure S9A, insets) and DNs
(Figure S9A, black arrowheads) in the ipsilateral hippocampus and subiculum. At 9 mpi,
there was no increase in the burden of p409-410-positive NClIs or spreading of TDP-43
pathology to other brain areas in the CamKlla-hTDP-43y_sm mice injected with type E
extracts. The same ipsilateral brain areas affected at 3 mpi (i.e. the RSCv and sub, and
white matter tracts in the dhc) showed p409-410-positive neuritic threads (Figure S9A,
black arrowheads), cytoplasmic inclusions (Figure S9A, inset) and dot-like pathology in the
neuropil (Figure S9A, white arrowheads).

The presence of TDP-43 pathology in glial cells at later time-points (i.e. 9 mpi) was

a characteristic feature reported in the brains of CamKIlla-hTDP-43y sy mice injected
with type A and B extracts.2? Here we also detected the formation of p409-410-positive
inclusions in oligodendrocytes (Figure S9B, olig2, arrows), whereas p409-410-positive
inclusions were largely not associated with Sox9-positive cells used as an astrocytic marker
(Figure S9B, arrowheads).

DISCUSSION

The specific neuroanatomical distribution and morphological features of TDP-43 pathology
found in autopsy brains from FTLD-TDP patients define distinct subtypes (type A-

E) associated with different clinical manifestations of disease and unique genetic
contributions.2=10 Little is known about the underlying mechanisms that could explain
the characteristic patterns of misfolded and mislocalised TDP-43 protein across specific
brain regions and their distinct clinicopathological phenotypes. /n vitro evidence indicates
that different conformational forms of TDP-43 protein referred to as strains and

recovered biochemically from the brains of patients who manifest different FTLD-TDP
neuropathological subtypes have distinct seeding activities and toxic properties in cell
culture.20.23.25.40 However, a major gap in our understanding is whether or not different
TDP-43 strains contribute to the phenotypic heterogeneity of TDP-43 pathology in the
brains of FTLD-TDP patients.

In this study, we provide evidence that distinct brain-derived TDP-43 strains from

different FTLD-TDP subtypes self-template TDP-43 protein into aggregates with specific
morphological features or morphotypes /n vitro. Furthermore, we show that intracerebral
injections of brain-derived TDP-43 strains from FTLD-TDP brains into Tg mice expressing
cytoplasmic human TDP-43 induce a distinctive morphological and subcellular distribution
of TDP-43 pathology as well different spreading patterns in the brain.

Despite the differences in distribution and neuropathological features of TDP-43 pathology
that characterise FTLD-TDP type A and type B subtypes, similar cytoplasmic spherical
TDP-43 aggregates are induced in GFP-NLSm expressing cells when sark-insoluble TDP-43
protein derived from the frontal cortex of these subtypes are used as pathogenic seeds. The
spherical shape of these aggregates contrasts with the linear and wavy wisps, and skein-like
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structures formed when brain-derived TDP-43 from type E cases are used as pathogenic
seeds. Spherical aggregates induced in iGFP-NLSm cells may resemble the round and
compact cytoplasmic inclusions detected in the brains of type A and B cases. In contrast,
wisps and skein-like structures bear some resemblance to TDP-43 skeins observed in motor
neurons in ALS and the cytoplasmic diffuse and granulofilamentous neuronal inclusions
(GFNIs) characteristic in FTLD-TDP type E brains. The significance of these morphological
differences on the pathological behaviour of these subtypes remains to be elucidated.

Interestingly, TDP-43 aggregates with both spherical and wisps/skein-like morphologies
were not observed in the same or adjacent iGFP-NLSm cells transduced with FTLD-TDP
extracts. These results contrast with the diversity of morphological presentations of TDP-43
aggregates described by Smethurst et al.?2 in cells overexpressing WT TDP-43 transduced
with seeds isolated from the post-mortem brains of amyotrophic lateral sclerosis (ALS)
patients.?2 The coexistence of wisps, skein-like aggregates, dot-like and round TDP-43
aggregates found in motor neurons of deceased ALS patients could explain the differences
in the homogeneity of TDP-43 morphotypes induced with ALS and FTLD-TDP pathogenic
seeds /in vitro as well as differences in mechanisms of disease pathogenesis.?2

The formation of distinct phosphorylated TDP-43 morphotypes in GFP-NLSm expressing
cells seeded with extracts from different FTLD-TDP subtypes correlates biochemically with
the presence of specific sark-insoluble N-terminal truncated fragments of TDP-43 protein.
Differences in N-terminal sequences with similar C-terminal aggregation-prone fragments of
TDP-43 have been shown to have a profound influence on fragment metabolism, propensity
to form insoluble aggregates, as well as aggregate morphology #! all of which could

impact disease mechanism. Kasu et al.*! described that N-terminal truncated TDP-43;
TDP219_414 and TDP247_414 , despite being ~85% similar, when overexpressed in HEK293
T cells formed morphologically distinct intracellular aggregates.#! Although some studies
have shown a distinctive band pattern of CTFs when comparing type A, B and C brain
extracts,11:36.:37 these differences are not noticeable when we compare the band pattern of
TDP-43 CTFs of our sark-insoluble extracts. We hypothesise that different biochemical
fractionation conditions, including distinct solubilisation of the final sark-insoluble material,
and variations of electrophoretic conditions could modify the mobility of TDP-43 truncated
products explaining the discrepancies between studies.

Based on epitope mapping experiments using a panel of antibodies against TDP-43 proteins,
we confirm that an N-terminal truncated TDP-43 fragment with lower electrophoretic
mobility (CTF band #1) containing amino acids residues ~203-209 is overrepresented in
type E extracts as described by Lee et al.}1 These findings support the hypothesis that

a critical concentration of CTFs could determine the formation of specific spherical or
filamentous TDP-43 aggregates, as indicated by Kasu et al.#!

We also show that specific immunoprecipitated TDP-43 protein from brain-derived sark-
insoluble extracts when transduced into iGFP-NLSm cells, recapitulates the differences in
morphology of de novo seeded TDP-43 aggregates. Although we cannot completely rule out
the contribution of other sark-insoluble proteins co-aggregating with TDP-43 as described
recently by Laferriére et al.,23 our data indicate that TDP-43 protein plays a significant role
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in the formation of distinct TDP-43 morphotypes. In addition, the differential susceptibility
to PK digestion of type E extracts also supports the role of TDP-43 conformational
differences associated with the formation of morphological distinctive TDP-43 aggregates
between FTLD-TDP subtypes.

Regarding the morphological features and spreading patterns of TDP-43 pathology, no
noticeable differences were found in the brain of CamKIlla-hTDP-43y_sm mice injected
with either type A or B extracts. Here, we confirm these results using additional FTLD-TDP
brain extracts not tested previously in Porta et al.20 Furthermore, we show a distinctive
morphology and subcellular distribution of TDP-43 aggregates induced in the brain of
CamKlla-hTDP43y_sm mice injected with TDP-43 type A and B strains vs. type E.
Interestingly, pTDP-43 aggregates induced by type A and B extracts resemble the dense, and
compact NCls described in human FTLD-TDP brains belonging to the same subtype. On
the other hand, TDP-43 strains from type E extracts induced dot-like perinuclear inclusions
and skein-like aggregates that resembled the type of pathology found in motor neurons

of patients with FTLD-MND and ALSY242-47 than the characteristic GFNIs of FTLD-

TDP type E cases.!! In addition to differences in morphology, the presence of TDP-43
pathology in the soma but also in neuronal projections in mice injected with type A and B
extracts, contrasts with mainly perinuclear TDP-43 pathology in type E injected mice. These
differences in subcellular distribution of TDP-43 pathology could determine a distinctive
toxic effect of both type A and B strains in injected mice by affecting the neuronal function
as a consequence of a potential disruption in axonal and/or dendritic transport.

We observed that brain-derived TDP-43 extracts from type C cases exhibited no remarkable
seeding activity /n vivo, including at 9 mpi. These results validate our /in vitro data

and previously published data indicating that among the different FTLD-TDP subtypes
analysed, type C represents the less potent TDP-43 strain self-templating TDP-43 protein
into aggregates.23:25 Recently, it has been shown the association of type C Sarko-spin
fraction to very dense TDP-43 aggregates, the lesser extent of polyubiquitination, and

a highly protease-resistant C-terminal core, when compared with type A sark-insoluble
TDP-43 aggregates.?? Interestingly, FTLD-TDP type E cases are associated with rapidly
progressive frontotemporal degeneration.11

The present study based on post-mortem brain samples captures the end-stage of the
diseased brains. However, it remains unknown if a mixture of TDP-43 strains may be
originated at the beginning of the disease, and distinct cellular vulnerability, cellular milieu,
together with genetic and/or environmental factors may determine that specific strains
evolve and propagate during the disease course, potentially determining certain disease
phenotypes. Further studies are needed to elucidate if the maturation state of TDP-43
aggregates including; differences in compaction, post-translational modifications such as
phosphorylation, acetylation, ubiquitination, as well as proteolytic fragmentation among
other variables such as disease duration may be determining factors that govern the distinct
seeding properties of the different TDP-43 strains.

In addition to the different morphology of TDP-43 aggregates, we found a remarkable
difference in the spreading efficiency of TDP-43 pathology over-time. In mice
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stereotaxically injected with either type A or B extracts, TDP-43 pathology progressively
spreads in a time-dependent manner throughout the brain. In contrast, in type E injected
mice, the spreading is restricted to brain areas interconnected with the injection site. The
differences in subcellular distribution of TDP-43 pathology may determine the efficiency of
transmission of pathogenic species, the capacity of spreading and consequently the degree of
pathogenicity. The notable p409—-410 immunoreactivity in the stratum radiatum and oriens in
the hippocampus proper of mice injected with type A and type B extracts, as well as in white
matter tracts, including the corpus callosum, ventral hippocampal commissure, among other
regions described by our group® is consistent with the hypothesis that pathological TDP-43
species propagate via axonal connections. In rodents, the ventral hippocampal commissure
supports dense interhemispheric connections between the hippocampi,*8:49 consistent with
the potential spreading of TDP-43 pathology to contralateral brain areas through these tracts
in mice injected with type A and type B extracts. On the other hand, in the brains of

mice injected with type E extracts, dot-like and skein-like p409-410-positive aggregates are
mainly perinuclear. Moreover, no p409-410 immunoreactivity was found in white matter
tracts except the dorsal hippocampal commissure, proximal to the subicular regions. In
non-human primates the dorsal hippocampal commissure carries projections to and from

the PHR, including the presubiculum, parasubiculum and entorhinal cortex.>? Consistent
with the spreading of TDP-43 pathology through commissural projections, mice injected
with type E extracts show p409-410-positive staining in these three PHR brain areas in a
time-dependent manner. Furthermore, PHR receives inputs from CA1 and subiculum,51-53
brain areas already bearing TDP-43 pathology at the earliest time point of 1 mpi. Moreover,
in these mice, TDP-43 pathology also spreads to RSCv, reciprocally connected with PHR
brain areas,® and that also receives direct input from CA1 and subiculum®1:55:56 sypporting
an anterograde and retrograde transport of pathological TDP-43 species.

Although our experimental animal model does not fully recapitulate the characteristic
neuropathological distribution and spreading patterns of TDP-43 pathology found in the
brains of each of the human FTLD-TDP subtypes, we demonstrate here that distinct
TDP-43 strains present in brain extracts from different FTLD-TDP subtypes induce distinct
morphological types of TDP-43 aggregates as well as distinct spreading patterns in the brain
of CamKIla-hTDP-43y_sm mice. Our experimental data support the hypothesis that distinct
TDP-43 strains may contribute to phenotypic heterogeneity of TDP-43 pathology through
different mechanisms of disease pathogenicity in the brains of FTLD-TDP cases.
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FIGURE 1.
Morphological differences in TDP-43 aggregates in GFP-NLSm expressing cells seeded

with brain-derived TDP-43 extracts from distinct FTLD-TDP subtypes. (A) Representative
ICC images of GFP-NLSm expressing cells (green and merge) transduced with sark-
insoluble brain extracts from different FTLD-TDP subtypes at 3 days post-transduction (dpt)
showing 1% Ttriton-insoluble phospho-TDP-43-positive cytoplasmic aggregates (p409-410,
magenta and merge). Cells were counterstained with DAPI to label the nuclei (blue). Insets
show a magnification of spherical TDP-43 aggregates seeded by type A and type B extracts,
and small linear, straight and wavy structures hence wisps seeded by type E extracts.
Arrowhead points to heterogeneous filamentous structures hence skein-like aggregates
seeded by type E extracts. Scale bar = 20 pm, insets bar = 10 um. (B) Representative

ICC images of a Z-stack maximum projection by confocal microscopy. Arrows point to
characteristic p409-410-positive spherical aggregates (magenta) in GFP-NLSm expressing
cells transduced with type A. Arrows and arrowheads point to p409-410-positive wisps

and skein-like aggregates, respectively, in cells transduced with type E extracts (see also
Movies 1 and 2). Cells were counterstained with DAPI to label the nuclei (blue). Scale

bar = 10 um. (C) Immunoelectron microscopy (EM) images show the ultrastructure of p409-
410-positive spherical (arrows) and filamentous (arrowheads) aggregates in iGFP-NLSm
cells transduced with type A and type E extracts respectively. Note the filaments are most
evident where the immunolabelling is faint. Scale bar = 2 pm; insets bar = 1 ym. (D)
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Examples of immunofluorescent images (left panels, magenta) converted to digital binary
images using ImageJ software (right panels) used to measure the roundness and circularity
parameters of the silhouettes of p409-410-positive aggregates at 3dpt. Scale bar = 20 pm.
Plots show percentages of the frequency distributions of roundness (left plot) and circularity
(right plot) of p409-410-positive aggregates in GFP-NLSm expressing cells transduced with
type A (black bars) vs. type E (white bars) extracts at 3 dpt. The calculated roundness

and circularity distributions ranged from 0 to 1.0 values with 0.05 intervals. Statistically
significant differences in the cumulative distribution of roundness and circularity between
p409-410 aggregates in type A vs. type E seeded cells were found using the Kolmogorov—
Smirnov unpaired #test (p < 0.0001)
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FIGURE 2.

Time course characterisation for the formation of TDP-43 aggregates and their uniformity.
(A) Representative ICC images show the formation of cytoplasmic p409-410-positive
TDP-43 aggregates (magenta) in GFP-NLSm expressing cells (green) at 1, 2, and 3 dpt.
Top panels show characteristic spherical aggregates induced when type A brain extracts are
used as seeds (arrows) Bottom panels show characteristics wisps and skein-like aggregates
induced by type E seeds (arrows and arrowheads respectively). Cells were counterstained
with DAPI to label the nuclei (blue). Scale bar = 20 pm. (B) Plots show the percentages

of GFP-NLSm expressing cells bearing p409-410-positive TDP-43 aggregates overtime that
are categorised by different morphological features such as spherical (black bars), wisps/
skein-like (grey bars) or both (white bars). Bar plots show the mean + SEM. Each white dot
represents a biological replicate (7= 3)
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(A)

Sark-insoluble extracts from iGFP-NLSm cells transduced
with FTLD-TDP seeds (3dpt)
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Sark-insoluble extracts from
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Distinct biochemical banding patterns of sark-insoluble TDP-43 proteins recovered from
iGFP-NLSm cells transduced with pathogenic seeds from different FTLD-TDP subtypes.
(A) Representative immunoblot analysis of the sark-insoluble fraction from GFP-NLSm
expressing cells transduced with different FTLD-TDP subtypes (left panels, type A, B, C
and E) and transduction reaction in presence or absence of dox (Dox- and Dox+, Bioporter,
right panels). Cases are identified by numbers corresponding to those in Table S1 (Case
ID #). A C-terminal TDP-43 antibody was used to detect pan-TDP-43 protein, and the
phosphorylation-specific mAb Ser409/Ser410 (p409-410) was used to detect pathological
TDP-43. Molecular weight markers in kDa are shown on the left and the position of the
GFP-NLSm proteins, endogenous TDP-43 proteins (arrowhead), and three major bands
corresponding to C-terminal fragments (CTFs, band #1, #2 and #3) and an N-terminal
TDP-43 truncated fragment (asterisk) are shown on the right. (B) Immunoblot analysis of
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the sark-insoluble fractions from FTLD-TDP cases used as seeds (lanes type A, B and E)
and the corresponding sark-insoluble fraction from the iGFP-NLSm cells transduced in the
absence (lanes, Dox —) or presence of doxycycline (lanes Dox +) at 3 dpt. A C-terminal
TDP-43 antibody (red and merged with green) was used to detect pan-TDP-43 protein

and the p409-410 mAb was used to detect the pathological TDP-43 (green and merged

with red). Molecular weight markers in kDa are shown on the left and the positions of

the GFP-NLSm protein, endogenous TDP-43 protein (arrowhead, ~43 kDa), intermediate
TDP-43 truncated fragments (asterisk), and three major bands corresponding to C-terminal
fragments (CTFs) are shown on the right. White dashed box framing the CTF bands is
shown for magnification standards in C (top panel). The schematic diagram in ¢ (bottom
panel) illustrates the distinct banding patterns of TDP-43 CTFs in the sark-insoluble extracts
from the brains of patients with different FTLD-TDP subtypes (lanes type A, B and E) and
the GFP-NLSm expressing cells (Dox+) transduced. The corresponding FTLD-TDP extracts
also are shown here
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FIGURE 4.

Differences in PK resistance of insoluble TDP-43 protein between different FTLD-TDP
subtypes. (A) Representative immunaoblots show the digestion pattern of TDP-43 protein
of sark-insoluble brain extracts (type A, type B and type E) treated with proteinase K

(PK) using the p409-410 antibody. The different concentrations of PK (ug/ml) used in the
assay are labelled in each lane. Molecular weight markers in kDa are shown on the left.
Immunoblot show showed the presence of the full-length TDP-43 protein with a Mr of ~43
kDa (arrowhead) and the characteristic CTFs resulting from partial proteolysis including
three major bands with a theoretical Mr ranging between ~20-26 kDa (bands #1, #2 and
#3) and two minor bands at ~18-19 kDa (bands #4 and #5) on the right. (B) The signal of
each p409-410-positive TDP and CTF band was quantified at each PK concentration as a
percentage of the initial sample (PK = 0) and plotted as a percent of the PK resistance (%).
Plots show the mean values (type A 1= 4 cases, type B 7= 3 cases, type E 7= 3 cases) and
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whiskers SEM. (C) A linear mixed-effects model shows statistically significant differences
in PK resistance of full-length TDP-43 proteins (TDP-43) and the C-terminal fragment with
lower electrophoretic mobility (band #1) in type E extracts relative to type A and B extracts
(TDP-43 p=0.025, CTF band #1 p=0.023)
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FIGURE 5.

Brain-derived TDP-43 strains from different FTLD-TDP subtypes have distinct seeding
properties /n vivo. (A) Schematic illustrations of coronal and sagittal brain sections

(left and right respectively) with coordinates used for the stereotaxic injections into the
brains of CamKlla-hTDP-43y_sm mice. Red asterisks indicate the injection site in the
hippocampus and overlying cortex. (B) Representative photomicrographs of p409-410
immunostaining of phospho-TDP-43 in coronal brain sections from CamKlla-hTDP43y sm
mice stereotaxically injected with human brain-derived TDP-43 protein extracts from
different FTLD-TDP subtypes; type A, type B, type C and type E at 1 mpi. Images

show p409-410-positive staining in the ipsilateral hippocampus (cornu amonis (CA1 layer),
stratum radiatum (rad), and oriens (or)), in the subiculum (Sub), in the ectorhinal/perirhinal
cortex (Ect/PRh) and neocortex (cortex, layers 1-VI). Black arrowheads point to p409-410-
positive neuronal processes in the neuropil. Insets show higher magnifications of the black-
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dashed boxes. In type A and B injected mice, black arrows point to neurons with intensely
stained cytoplasmic p409-410-positive aggregates. In type E injected mice, black arrows
point to p409-410-positive dot-like inclusions and white arrows point to p409-410-positive
skein-like aggregates
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FIGURE 6.

TDP-43 pathology induced in the brain of CamKIlla-hTDP-43y sm mice injected with
brain-derived TDP-43 from different FTLD-TDP subtypes exhibited distinctive spreading
patterns over-time. (A) Panels illustrate sagittal brain views of the mouse brain. The

red asterisks indicate the injection site in the hippocampus and overlying cortex. Blue
lines indicate the localization of the coronal brain sections corresponding to images

in B; hippocampus (caudal) (Bregma —2.92 mm), subiculum (caudal) (Bregma -3.08
mm), restrosplenial cortex and primary visual cortex (RSC/VIS) (Bregma —3.40 and
-3.52 mm), and lateral entorhinal cortex (LEnt) (Bregma —4.60 mm). (B) Representative
photomicrographs of mAb p409-410 immunostaining in coronal brain sections from
CamKlla-hTDP43y_sm mice stereotaxically injected with human brain-derived TDP-43
from different FTLD-TDP subtypes; type A, type B, type C, and type E at 3 mpi. Images
show p409-410 positive staining in the ipsilateral side of the brain, in caudal areas distal
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from the injection site such as; hippocampus (cornu amonis (CAL1 layer), stratum radiatum
(rad), and oriens (or)), subiculum (sub) and including the dorsal hippocampal commissure
(dhc), ventral and lateral agranular RSC (RSCv and RSCagl), VIS and LEnt. Black
arrowheads point to p409-410 positive short and long neurites and white arrowheads to
dotted staining in the neuropil. Insets show higher magnifications of the black-dashed boxes;
in type A and B injected mice, black arrows point to neurons with widespread cytoplasmic
p409-410 positive aggregates whereas in type E injected mice, black arrows point to dot-like
inclusions and white arrows skein-like aggregates. Scale bar = 100 pm, and 10 um (insets)
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