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Abstract 

Abnormal cytoplasmic localization and accumulation of pathological transactive response DNA binding protein 
of 43 kDa (TDP-43) underlies several devastating diseases such as amyotrophic lateral sclerosis (ALS) and fronto-
temporal lobar degeneration with TDP-43 pathology (FTLD-TDP). A key element is the correlation between disease 
progression and spatio-temporal propagation of TDP-43-mediated pathology in the central nervous system. Several 
lines of evidence support the concept of templated aggregation and cell to cell spreading of pathological TDP-43. 
To further investigate this mechanism in vivo, we explored the efficacy of capturing and masking the seeding-com-
petent region of extracellular TDP-43 species. For this, we generated a novel monoclonal antibody (mAb), ACI-6677, 
that targets the pathogenic protease-resistant amyloid core of TDP-43. ACI-6677 has a picomolar binding affinity 
for TDP-43 and is capable of binding to all C-terminal TDP-43 fragments. In vitro, ACI-6677 inhibited TDP-43 aggre-
gation and boosted removal of pathological TDP-43 aggregates by phagocytosis. When injecting FTLD-TDP brain 
extracts unilaterally in the CamKIIa-hTDP-43NLSm mouse model, ACI-6677 significantly limited the induction of phos-
phorylated TDP-43 (pTDP-43) inclusions. Strikingly, on the contralateral side, the mAb significantly prevented pTDP-
43 inclusion appearance exemplifying blocking of the spreading process. Taken together, these data demonstrate 
for the first time that an immunotherapy targeting the protease-resistant amyloid core of TDP-43 has the potential 
to restrict spreading, substantially slowing or stopping progression of disease.
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Introduction
Cytoplasmic mislocalization, misfolding and accumula-
tion of aggregates of transactive response DNA binding 
protein of 43  kDa (TDP-43) are pathological hallmarks 
of multiple neurodegenerative diseases including 

amyotrophic lateral sclerosis (ALS), frontotemporal lobar 
degeneration with TDP-43 pathology (FTLD-TDP) [3, 
28] and limbic-predominant age-related TDP-43 enceph-
alopathy (LATE) [25]. Moreover, pathological inclusions 
of TDP-43 have been identified as co-pathologies in 
Alzheimer’s disease (AD), Parkinson’s disease (PD) and 
chronic traumatic encephalopathy (CTE) as well as in 
rare conditions such as inclusion body myositis (IBM) [9, 
16, 24, 33].

Staging of TDP-43 pathology based on postmortem 
analysis of patient brains and spinal cords implies a 
spatio-temporal spreading of pathology via cell-to-cell 
transmission that correlates with disease progression [7, 
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37]. Using a transgenic animal model of TDP-43-driven 
disease, this process of templated aggregation has been 
explored [31]. In this study, TDP-43 seeds isolated from 
FTLD-TDP brains resulted in both local TDP-43 pathol-
ogy and subsequent spreading throughout the cen-
tral nervous system in a regional- and time-dependent 
manner [31]. Recently, seeding and spreading of TDP-
43 pathology has been recapitulated using spinal cord 
extracts from ALS patients in cerebral organoids gener-
ated from ALS patient cells [35].

Several lines of evidence point to the importance of 
the carboxy-terminal (C-terminal) region of TDP-43 in 
the process of templated aggregation. The C-terminal 
domain, known as the low complexity domain (LCD), is 
intrinsically disordered and contains regions enriched in 
glycine, hydrophobic residues, glutamine and asparagine 
[2]. While this region of TDP-43 has intrinsic proper-
ties to form higher-order physiological assemblies such 
as stress granules [13], in disease, irreversible inter- and 
intra-molecular interactions within this region can result 
in pathologic aggregates [13]. In fact, recent structural 
and biochemical studies demonstrate that this region 
adopts a stable protease-resistant amyloid core struc-
ture in the ALS and FTD patient brains [4, 5]. Moreo-
ver, the disease-specific proteolytic cleavage exposing 
this amyloid core is shown to further enhance seed-
ing activity important for templated aggregation [19]. 
Such proteolytic processing of TDP-43 and consequent 
enrichment of C-terminal fragments in patient brains is a 
disease-specific signature in addition to other post-trans-
lation modifications such as ubiquitination, acetylation, 
sumoylation or phosphorylation [8, 10, 23, 26, 27, 34]. 
Recent research assessing both active and passive immu-
notherapy approaches have confirmed that targeting the 
C-terminal regions of TDP-43 is essential for efficacy in 
disease models [1, 6].

Here, we report the creation of a specific mAb, ACI-
6677, targeting the protease-resistant amyloid core in the 
C-terminal region of TDP-43. Using this unique reagent 
in conjunction with injecting FTLD-TDP brain extracts 
unilaterally into transgenic mice, spreading of TDP-43 
pathology was prevented leading to a decrease of pTDP-
43. This work expands our mechanistic understanding 
of propagation of TDP-43 pathology via extracellular 
seeding-competent species in the brain and validate the 
immunotherapy approach for treating disease.

Material and methods
Vaccine design, mouse immunizations and hybridoma 
generation
Vaccine was engineered by conjugation of recombinant 
full-length human TDP-43 (Origene) on the surface of 
SupraAntigen® liposomes as described in Afroz et al. [1]. 

Adult C57BL/6JOlaHsd or BALB/cOlaHsd female mice 
were injected subcutaneously with 200  µL of vaccines. 
All animal experiments were approved by the Local 
Committee for Animal Use and carried out in accord-
ance with cantonal and federal regulations. Animals 
received six subcutaneous injections at days 0, 4, 7, 21, 35 
and 70. Blood samples were collected 7  days before the 
first immunization (to serve as the baseline control) and 
at study days 15, 28, 42, 77 and 136. Blood was collected 
from tail vein into heparin tubes (Microvette Hep-Li 
CB300 LH Sarstedt ref: 16.443) and mixed by inversion 
(4 times). After 20 min incubation at 4 °C, samples were 
centrifuged for 10 min at 21,000 × g (4  °C), the superna-
tant (plasma) was collected and stored at − 80  °C until 
further use. Spleens from immunized mice were used. 
The hybridoma generation (cell fusion partner: PAI mye-
loma cell line), subcloning and clone amplification were 
performed at NanoTools Antikörpertechnik, Germany 
using proprietary techniques.

Recombinant antibody production
ACI-6677 variable fragment heavy chain (VH) and vari-
able fragment light chain (VL) domains were cloned into 
mammalian expression vectors containing the mouse 
kappa constant domain and the mouse IgG2a constant 
domain, respectively. Chinese hamster ovary cells were 
transiently transfected with equimolar quantities of 
heavy and light chain vectors. Antibodies were purified 
from supernatants by protein A chromatography (mAb 
select sure, GE Life sciences) followed by sterile filtration. 
The identity and purity of the purified antibody was con-
firmed using native and reduced capillary electrophoresis 
sodium dodecyl sulphate (CE-SDS). Concentrations of 
antibodies were measured using the NanoDrop Spectro-
photometer (Thermo Fisher Scientific).

Enzyme linked immunosorbent assay (ELISA)
For determination of antibody EC50 by ELISA, 1  µg/
mL of full length (FL) human recombinant TDP-43 
(Selvita) diluted in carbonate bicarbonate buffer (Sigma, 
SLBQ8494V) pH 9.6 was used to coat ELISA plates 
(MaxiSorp, Nunc) overnight (ON) at 4  °C. After wash-
ing four times with wash buffer (Phosphate buffered 
saline (PBS)-0.05% Tween-20) and blocking for 1  h 
at 37  °C with blocking buffer (PBS-0.05% Tween-20 
(Merck, 8.22184.0500), 1% bovine serum albumin (BSA, 
Sigma, A3294)), plates were incubated for 2  h at 37  °C 
with a concentration range (1000  ng/mL to 0.5  ng/mL) 
of recombinant antibody ACI-6677 diluted in blocking 
buffer. Next, plates were washed four times with wash 
buffer and incubated for 1  h at 37  °C with goat anti-
mouse IgG-AP antibody (Jackson, 115-055-164) diluted 
1/1000 in blocking buffer. After washing, plates were 
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incubated for 1 h at room temperature with 1 mg/mL of 
phosphatase substrate pNPP (S0942, Sigma). The absorb-
ance signal was measured 1 h later at 405 nm wavelength 
using a plate reader (Tecan Infinity M200).

Epitope mapping was determined by ELISA as 
described in the previous paragraph with minor changes. 
FL TDP-43, TDP-43-LCD (expressed in E. coli) and 
selected TDP-43 peptides (custom-made) (Table 1), were 
diluted in carbonate-bicarbonate buffer at final concen-
trations of 1 µg/mL for the peptides and of 2.5 µg/mL and 
1.3 µg/mL for FL TDP-43 and TDP-43-LCD respectively. 
After incubation at 4  °C overnight, 4 washes in wash 
buffer and blocking, ACI-6677 hybridoma supernatant 
(diluted 50 times in blocking buffer) was incubated on 
the plate for 2 h at 37 °C.

Surface plasmon resonance
Measurements were performed on a Biacore 8 K instru-
ment (GE Healthcare Life Sciences) with immobilized 
soluble TDP-43 (Selvita) on a CM5 Series S sensor chip. 
The instrument was primed with running buffer PBS-P+ 
and flow cells (Fc) 1 and 2 of channels 1–8 were activated 
with a fresh solution of 1-Ethyl-3-(3-dimethylamino-
propyl) carbodiimide and N-hydroxysuccinimide (EDC/
NHS) at 10 µL/min for 420 s. Soluble TDP-43 was diluted 
in sodium acetate pH 4.5 to a final concentration of 5 µg/
mL and injected for 80  s with a flow rate of 10  µL/min 
on Fc 2. All flow cells were quenched with 1 M ethanol 
amine at 10  µL/min for 420  s. Prior to analysis, three 
startup cycles were run. Increasing ACI-6677 mAb con-
centrations were injected in single-cycle kinetics ranging 

from 1.2 to 100  nM, prepared from a threefold serial 
dilution in running buffer, with a contact time of 300  s 
and a dissociation time of 3600 s at a flow rate of 30 µL/
min. Each cycle was followed by one regeneration using 
10 mM Glycine–HCl pH 1.7 with a contact time of 30 s 
at 10 µL/min, followed by a stabilization period of 300 s. 
Results obtained from single-cycle kinetics were double-
referenced using the blank Fc 1 and a buffer cycle and 
evaluated using Biacore 8  K evaluation software using 
the 1:1 kinetic fit model with RI. The following kinetic 
parameters were obtained: association rate constant (ka), 
dissociation rate constant (kd), affinity constant (KD) and 
saturation response (Rmax). All parameters are reported 
as mean ± standard deviation (SD).

Human postmortem brain tissues
Human post-mortem tissues were obtained from the 
brain banks affiliated with the University of California, 
San Francisco (UCSF), the Queen Square Brain Bank 
(QSBB) and Netherlands Brain Bank (NBB). Informed 
consent for autopsy and usage of tissue for research pur-
poses had been obtained from probands or their legal 
representative in accordance with local institutional 
review boards. Tissue characteristics are summarized in 
the Table 2 below.

Immunofluorescence on patient brain sections
The brain samples were cut at 10 µm thickness, mounted 
on microscope slides and stored at − 80  °C until fur-
ther use. Frozen brain sections were thawed at RT, fixed 
with 4% paraformaldehyde (PFA) at 4 °C for 15 min and 
washed 3 times with PBS. Blocking was performed with 
5% BSA in PBS-0.25% Triton X-100 for 1  h at RT. The 
sections were incubated overnight at 4 °C with 1 µg/mL 
and 5 µg/mL of primary antibody ACI-6677 and pTDP-
43 (s409/410) (Biolegend, 829901) respectively diluted in 
2.5% BSA in PBS-0.25% Triton X-100. The next day, the 
sections were washed 3 times with PBS prior to the addi-
tion of Alexa Fluor-633-labeled goat anti-rat and Alexa 
Fluor-488-labeled goat anti-mouse antibodies  diluted 
1/500 in PBS. Secondary antibodies were incubated for 
30 min at RT. After three washes with PBS, 0.1% Sudan 

Table 1  Protein and peptide used for epitope mapping

Proteins/peptides TDP-43 coverage 
(amino acid 
position)

FL TDP-43 1–414

TDP-43 LCD 274–414

Peptide 1 254–320

Peptide 2 340–390

Peptide 3 389–414

Table 2  Human post-mortem CNS tissue

Case # Brain bank Disease Purpose

1 UCSF FTLD-TDP Type A Immunolabeling on tissue section

2 QSBB FTLD-TDP Type A Cell-based seeding assay, in vivo 
study, Western Blot

3 NBB Non-demented control Cell-based seeding assay (control)

4 NBB FTLD-TDP Type A Limited proteolysis
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Black dissolved in 70% ethanol was added to the brain 
sections for 15 min at RT to minimize auto-fluorescence. 
After three washes in PBS, Prolong Antifade Reagent 
with 4’,6-Diamidino-2-phenylindol (DAPI) was added 
and the sections were mounted with coverslips. The brain 
sections were dried in the dark and imaged with the Pan-
oramic 150 Slide Scanner using the fluorescein isothiocy-
anate (FITC), Cy5 and DAPI channels.

Western blot
Western blotting (WB) was performed on sarkosyl-
insoluble extracts prepared as described previously 
[21] from human brains of cases with FTLD-TDP type 
A pathology and on sarkosyl-insoluble extracts which 
underwent a limited proteolysis [5]. Briefly, sarkosyl-
insoluble samples were treated with 0.4 mg/mL pronase 
(Sigma, 10165921001) for 1 h at 21 °C, then centrifuged 
at 20,000 g for 30 min at 4 °C. Supernatant was discarded 
and pellet was resuspended in PBS by sonication with a 
sonicator probe (Q-Sonica) 30 times at amplitude 30.

Sarkosyl-insoluble extracts were mixed with 4x Sam-
ple Loading buffer and 0.1 mM Dithiothreitol (DTT) and 
boiled for 10 min at 95  °C. The samples were loaded on 
a 4–12% Bis–Tris gel and migrated at 100 Volt (V) for 
90  min. The proteins were transferred on a nitrocellu-
lose membrane using the iBlot 2 system (20 milliampere 
(mA), 7 min). The membrane was blocked for 1 h at RT 
under agitation in LI-COR® blocking buffer. Primary 
antibodies (ACI-6677, anti-pS409-410 TDP-43 (Bioleg-
end, 829901) and anti-TDP-43 (Proteintech, 60019-2-Ig)) 
were diluted 1/1000 in PBS-0.1% Tween-20/LI-COR® 
blocking buffer (1:1) and incubated on the membrane 
overnight at 4  °C under agitation. The membrane was 
washed 3 times in PBS-0.1% Tween-20 under agitation. 
Secondary antibodies donkey anti-mouse IRDye680CW 
and donkey anti-rat IRDye800CW (LI-COR®) were 
diluted 1/10,000 in the same buffer as the primary anti-
bodies and the membranes were incubated for 1 h at RT 
under constant agitation. The membranes were scanned 
after 3 washes in PBS with 0.1% Tween-20 using LI-
COR® Odyssey imager.

TDP‑43 aggregation assay in vitro
C-terminally fused maltose binding protein to recom-
binant TDP-43 (TDP-43-MBP), containing a Tobacco 
Etch Virus (TEV) protease cleavage site, was produced 
in E. coli, aliquoted and stored at -80  °C (Selvita). For 
each experiment, fresh aliquots of TDP-43-MBP were 
quickly thawed at RT and kept on ice afterwards. Stor-
age buffer was exchanged against assay buffer (30 mM 
Tris, 150  mM NaCl, pH 7.4) using centrifugal filters 
and the protein concentration was determined by 
ultraviolet (UV) spectroscopy at 280  nm (NanoDrop). 

TDP-43-MBP was diluted in assay buffer to a final con-
centration of 2.5 µM and mixed with 2.5 µM ACI-6677 
or isotype control (IgG2a mAb) in low binding tubes. 
Aggregation was induced by addition of TEV protease 
at a final concentration of 10  µg/mL in 96-well plate 
with 80 µL final volume per well. Aggregation was mon-
itored by absorbance measurement at 600  nm in the 
center of the well every 15 min with 5 s shaking before 
each measurement over 24  h in technical triplicates. 
The plate was constantly kept in the plate reader at 
25  °C and sealed with foil. To confirm complete cleav-
age of TDP-43-MBP by TEV protease in the presence of 
mAbs, samples were analyzed at 24 h by capillary elec-
trophoresis (JESS, ProteinSimple). Samples were mixed 
with 5X Mastermix using ProteinSimple protocol and 
analyzed in a Separation Module. An anti- C-terminal 
TDP-43 antibody [1] labelled with DyLight680 was 
used as detection at 20 µg/mL.

TDP‑43 aggregates uptake by mouse primary microglia
TDP-43 aggregates were generated using recombinantly 
produced His-SUMOStar-Flag tagged full length TDP-
43. The soluble His-SUMOStar-Flag-TDP-43 was purified 
by affinity chromatography followed by His-SUMOStar 
cleavage and removal by size exclusion chromatography. 
To induce aggregation the resulting Flag-TDP-43 pro-
tein was incubated at RT for 7 days prior to centrifuga-
tion at 20,000 g for 30 min at 4 °C. The pellet containing 
fibrils was resuspended in PBS pH 7.4. To confirm pres-
ence of fibrillar structures, the TDP-43 aggregates were 
analyzed by negative stain transmission electron micros-
copy (nsTEM). In brief, 3  µL of sample was applied 
onto a hydrophilized EM grid, washed with water, and 
negatively stained using 2% uranyl acetate. The grid was 
imaged using a FEI Tecnai G2 Spirit Biotwin electron 
microscope run at 100 kV accelerating voltage.

Microglial uptake experiments were performed as 
described previously [1]. Briefly, mouse primary micro-
glia were plated at 30,000 cells per well in growth 
medium and incubated for 48  h at 37  °C 5% CO2 in a 
humidified atmosphere. Immune complexes were pre-
pared in basal medium at 2X final concentration by 
mixing pHrodo™ labelled TDP-43 aggregates and anti-
bodies in a dilution plate (Eppendorf 96-well sterile) 
and incubating overnight at 4 °C. The dilution plate was 
equilibrated at RT while the cells were washed three 
times with basal medium. After the final wash, 100 µL of 
basal medium remained on the cells to which 100 µL of 
pHrodo™ labelled TDP-43 aggregates from dilution plate 
was added. Cells were immediately placed inside the 
automated microscope (Incucyte ZOOM) for live imag-
ing of phase contrast and green fluorescence for 24 h.
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Pharmacokinetics (PK)
The in  vivo PK study was approved by the Institutional 
Animal Care and Use Committee (IACUC) of WuXi 
AppTec and performed in an accredited animal facil-
ity. The nine female C57BL/6  J mice (age: 7–11  weeks) 
used in this study were purchased from Lingchang/Vital 
River Laboratory Animal Co., Ltd., Shanghai/Beijing, P.R. 
China. Mice were acclimated with free access to food and 
water for at least 3 days before the treatment. ACI-6677 
(vehicle: 10 mM PBS (pH 7.4), clear solution) was admin-
istered as a single intraperitoneal (i.p.) injection at 60 mg/
kg. Mice were administered antibody based on their body 
weight measured on the day of antibody administration.

Blood samples were collected from saphenous vein at 
the following time-points: 0.25, 1, 8, 24, 72, 168, 240, 336, 
504, 672 h from 3 respective mice per time point., except 
at 72  h where 6 mice were sampled. All blood samples 
were transferred into precooled vials containing EDTA-
K2 and kept on ice. Blood samples were processed for 
plasma within 15 min after collection, by centrifuging at 
4 °C, 3200 g for 10 min. Approximately 20 μL of plasma 
was collected into pre-labeled polypropylene tubes. All 
aliquots were stored at − 60 °C until further ELISA analy-
sis was performed. Concentrations of all plasma samples 
were back-calculated against a reference standard using 
a non-linear 4-parameter regression fit including a 1/
y2 weighting. Antibody concentration–time profiles in 
plasma were used to calculate the pharmacokinetics (PK) 
parameters of ACI-6677 in mouse by Non-Compartmen-
tal Analysis (NCA) (Phoenix WinNonlin 6.3, Certara®).

Characterization of FTLD‑TDP brain extracts
Human sarkosyl-insoluble extracts were prepared as 
described in Laferriere et al. [21]. Resulting extracts were 
characterized by western blot as described above using 
anti-TDP-43 (Novus, NBP1-92695) and anti-pS409-410 
TDP-43 (Biolegend, 829901) antibodies to detect total 
and phosphorylated forms of TDP-43 in sarkosyl-insol-
uble brain extracts. The extracts were evaluated for 
their seeding capacity in a cell based seeding assay as 
described previously [31]. In brief, doxycycline (DOX) 
inducible iGFP-NLSm cells (Porta et al. [31]) were trans-
duced with the FTLD-TDP sarkosyl-insoluble brain 
extract using Ab-DeliverIN™ (AI21000, OZ Biosciences). 
Ab-DeliverIN™ (0.5 μL per well of a 96-well plate) was 
pre-mixed with the extracts and incubated for 15 min at 
RT. Seventeen microliters of OPTIMEM per well were 
added onto the mix. Twenty microliters of the reac-
tion were added in each well and incubated for 4.5 h at 
37 °C, 5% CO2 in humidified atmosphere. The media was 
exchanged for culture media containing 1  μg/mL DOX. 
Three days after transduction of the extracts, cells were 

fixed using 4% PFA. Cells were further labelled with anti-
pS409-410 TDP-43 antibody (Biolegend, 829901, 2  µg/
mL) and incubated overnight at 4  °C after blocking for 
1 h at RT. Secondary antibody were incubated for 1 h at 
RT and washed with PBS prior to imaging the cells using 
InCell Analyzer 2200.

In vivo efficacy study in CamKIIa‑hTDP‑43NLSm transgenic 
mice injected with FTLD‑TDP brain extracts
In‑life phase
In vivo efficacy study was performed as previously 
described in Afroz et al. [1] with minor changes. Double 
transgenic CamKIIa-hTDP43NLSm animals were gener-
ated by crossing hemizygous females (JAX Stock # 14650: 
B6;C3-Tg(tetO-TARDBP*)4Vle/J) with hemizygous males 
(JAX Stock # 007004: B6.Cg-Tg(CamKIIa-tTA)1Mmay/
DboJ). Based on power calculations for histological 
neuropathology evaluation from other models of neu-
rodegeneration, a group size of n = 8–10 was predicted. 
Additionally, to ensure this number for the final analy-
sis and to allow for a 60–70% success rate of stereotac-
tic surgery and inoculation of patient brain extracts, the 
initial group size was defined as n = 15 per treatment 
group. A total of 52 mixed gender mice were used in this 
study. All breeders and mice were kept on 200  mg/kg 
DOX diet until 12.5 ± 2  weeks of age. At 13.5 ± 2  weeks, 
CamKIIa-hTDP43NLSm mice were anesthetized with 
buprenorphine at 1 mg/kg and immobilized in a stereo-
taxic frame. Human sarkosyl-insoluble extracts were son-
icated prior injection in the dorsal hippocampus. Each 
injection site (needle introduced in the left hemisphere 
following Bregma coordinate: − 2.0 mm anterior and left 
1.3  mm from midline; three dorsal hippocampus loca-
tion with initial depth of − 1.95 mm below the dura and 
then partially withdrawing the needle to − 1.55  mm for 
the second injection and again to − 1.15 mm for the final 
injection) received 1 µl of sarkosyl-insoluble human brain 
extract (3 µL per mouse) at a rate of 0.3 µl/min. One day 
later, weekly i.p. injection of mAbs (60 mg/kg) started, for 
13 consecutive weeks. Two antibodies were tested: ACI-
6677 and isotype control (IgG2a). Terminal collection 
was done 13 weeks post injection and one day after final 
dose administration.

Behaviour assessment
Animals were weighed at day 0 and then weekly for the 
duration of the study. Motor performance was assessed 
weekly for signs of motor dysfunction, including tremor 
and clasping. Each sign was scored on a scale of 0–3: nor-
mal (no dysfunction) (0), mild (1), moderate (2) or severe 
(3) dysfunction.
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Embedding and sectioning
Brain hemispheres subjected to histology were snap fro-
zen and then immersion-fixed in formalin for 24 h. The 
tissue was then embedded into optimal cutting tempera-
ture (OCT) matrix and frozen on dry ice with a super-
cooled bath of 2-methylbutane. Frozen tissue blocks were 
sectioned coronally at 20 µm thickness per section. Slides 
were stored at − 20ºC prior to immunofluorescence (IF) 
staining.

Immunofluorescence (IF)
Staining was performed on a Leica BOND-RX in accord-
ance with Biospective Standard Operating Procedures. 
For the dual pTDP43/Neuronal Nuclear protein (NeuN) 
IF staining, the slides initially underwent a fixation/per-
meabilization step in Methanol/Acetone (1:1) for 10 min 
and washed in PBS. Then epitopes were retrieved in 
Leica ER1 buffer pH6 (AR9640) for 10  min at 100  °C, 
followed by an incubation with Protein Block (Power-
Vision IHC/ISH Super Blocking, Leica, Ref. PV6122). 
Slides were then incubated with primary antibodies in 
two steps, first with anti-pS409-410 TDP43 (Biolegend, 
829901, Rat mAb, 1/500), followed by anti-NeuN (Mil-
lipore, MAB377(CH), Mouse Ab, 1/500). Next, second-
ary antibodies were incubated in two steps, firstly with 
a mix of antibodies: anti-mouse-Cy3 (Jackson, Goat Ab, 
1/200) and anti-Rat-biotin (Jackson, Goat Ab, 1/250), and 
secondly with Stretavidin-Cy5 (Jackson, 1/300). Finally, 
slides were incubated with DAPI (1/300). All antibodies 
were diluted in BOND antibody diluent (AR9352) and 
slides were mounted in antifade and cover slipped.

Imaging and image analyses
The IF slides were digitized using an Axio Scan.Z1 digital 
whole slide scanner (Carl Zeiss, Canada). Region of inter-
est (ROIs) were delimited using a U-Net convolutional 
neural network trained on a dataset of manually painted 
tissue sections. The ROIs then underwent visual QC 
review, and were manually adjusted, if needed. Quanti-
fication of IHC staining (% area stained) was performed 

on each of the digitized slides using Biospective’s PER-
MITS™ process. Additionally, colocalization of pTDP-43 
and NeuN was calculated from the segmented images. 
The IF analysis and quantification was performed in a 
blinded manner with respect to cohort.

Statistics
Graphs represent mean ± SD or SEM for in  vitro and 
in  vivo experiments respectively. For statistical analysis 
of the percentage inhibition of aggregation and TDP-43 
uptake by microglia, a ratio paired t-test was performed 
between the ACI-6677 group and the isotype control 
group. For TDP-43 uptake by microglia, data from 3 
independent experiments with 6 technical replicates 
were normalized to the no mAb control in each experi-
ment. For TDP-43 aggregation assay, data from 2 inde-
pendent experiments with 3 technical replicates were 
normalized to isotype control after blank subtraction 
(isotype control without TEV protease). For statistical 
analysis of the in vivo study, ordinary one-way ANOVA 
was performed with Tukey’s correction for multiple com-
parison. Significance (two-tailed) is reported at *p < 0.05, 
**p < 0.01, ***p < 0.001 and ****p < 0.0001. For correlation 
analysis, 2 data points were excluded due to mAb expo-
sure measurement below the quantification limit of the 
assay (ELISA). Correlation parameters were computed 
using Pearson correlation (r2: coefficient of determina-
tion and p-value).

Results
ACI‑6677 binds with high affinity to protease‑resistant 
amyloid core of TDP‑43
The mAb, ACI-6677, was identified from a panel of anti-
TDP-43 mAbs obtained using the SupraAntigen® plat-
form post immunization of mice [1]. ACI-6677 bound 
full-length TDP-43 with an EC50 of 63 pM (Fig. 1A) and 
a KD of 380 pM (Fig. 1B) measured by ELISA and surface 
plasmon resonance (SPR), respectively. Epitope map-
ping using an ELISA on peptides covering the C-terminal 
sequence of TDP-43, demonstrated binding of ACI-6677 

(See figure on next page.)
Fig. 1  ACI-6677 binds with high affinity to the low complexity domain of TDP-43. A The binding of ACI-6677 to human TDP-43 was measured 
by ELISA and B measured by SPR; blue line depicts the experimental data and black line depicts the data fit to the model; C Epitope mapping 
of ACI-6677 using various peptides derived from the human TDP-43 sequence (coverage indicated by a bar above the cartoon of the TDP-43 
domains) indicates binding to the LCD and to peptide 1 (aa 254–320); NTD, N-terminal domain; RRM, RNA Recognition Motif; LCD, Low Complexity 
Domain; D Immunoblotting with ACI-6677 or two control antibodies, an anti-total TDP-43 mAb and an anti-pTDP-43 (specific for pS409/
pS410) mAb, on sarkosyl-insoluble brain extracts prepared from frontal cortex of cases with FTLD-TDP type A before (−) or after (+) limited 
proteolysis (revealing the protease resistant fragments) to determine the binding of ACI-6677 to pTDP-43, TDP-43, C-terminal fragments (CTFs) 
and the protease resistant fragments. Bottom panels with enhanced contrast included to show the binding to protease resistant fragments; 
molecular weight (kDa) markers shown on the left; E Immunolabeling with ACI-6677 (green), an anti-p-TDP-43 mAb (red) and DAPI (cell nuclei, blue) 
demonstrates binding of ACI-6677 to pTDP-43 (arrowheads) in sections from a FTLD-TDP type A patient (temporal cortex). Arrows indicate areas 
of physiological nuclear TDP-43. Scale bar = 20 μm
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to peptide 1 from 254 to 320 and to the LCD from 274 
to 414 whereas no binding was shown to peptide cover-
ing amino acids 340 to 414. By combining these data, it 
can be deducted that ACI-6677 binds within the region 
274–320. This epitope lies within the C-terminal region 
(272–360) harboring protease-resistant amyloid core in 
patient brains [4, 5] (Fig. 1C).

Immunoblot of FTLD-TDP type A sarkosyl-insoluble 
brain extracts revealed binding to C-terminal fragments 
in addition to the band at 43 kDa corresponding to full-
length TDP-43 (Fig.  1D). Furthermore, using a control 
antibody binding to the phosphorylated TDP-43 epitope, 
pS409/410, we confirmed that ACI-6677 binds to similar 
molecular weight (MW) bands of C-terminal fragments 
retaining disease-specific phosphorylation sites (Fig. 1D). 
In addition, limited proteolysis of the sarkosyl-insoluble 
FTLD-TDP type A brain extract revealed that ACI-6677 
binds to the resulting protected 12 kDa core of TDP-43 
(Fig. 1D enhanced contrast panels, Fig. S1). As expected, 
following limited proteolysis, the antibodies binding 
either proximal to the low complexity domain (TDP-43 
mAb binding in RRM2 region) or extreme C-terminal 
(pS409/410 TDP-43 mAb) regions did not show a signal 
on immunoblots (Figs. 1D and S1).

ACI‑6677 labels pathological TDP‑43 in postmortem 
disease brain tissue
Using sections from the temporal cortex of a case with 
FTLD-TDP type A pathology, pTDP-43 was localized 
using the anti-p409/410 mAb (Fig.  1E). Incubating the 
sections with ACI-6677 revealed binding to neuronal 
cytoplasmic inclusions and dystrophic neurites colocal-
izing with the pTDP-43 labeling (Fig. 1E, arrowheads). In 
addition, ACI-6677 labeled non-phosphorylated TDP-43 
in the nucleus (Fig.  1E). Together, these data confirmed 
in situ target engagement of TDP-43.

ACI‑6677 inhibits TDP‑43 aggregation in vitro
The ability of ACI-6677 to block TDP-43 aggregation was 
assessed in  vitro. ACI-6677 or an isotype control were 
mixed with TDP-43-MBP prior to MBP cleavage by TEV 
protease to induce aggregation of TDP-43 which was fol-
lowed by measuring the optical density of the solution at 
600  nm. A capillary electrophoresis was performed on 
the same samples at the end of the experiment to ensure 
that aggregation inhibition was measured in this assay 
and not inhibition of TEV protease cleavage (Fig.  S2A). 
ACI-6677 or the isotype control did not interfere with 
TDP-43-MBP cleavage which resulted in only one band 
corresponding to TDP-43 as compared to the higher 
molecular weight band observed when TEV protease was 
not used on the TDP-43-MBP sample. ACI-6677 com-
pletely inhibited TDP-43 aggregation at an equimolar 

TDP-43-to-mAb ratio (Fig.  2A and B). The effect was 
indistinguishable from the result without aggregation 
induction (i.e., without TEV protease cleavage; Fig.  2A 
and B). The percentage of inhibition by ACI-6677 was 
97% when normalized with an isotype control antibody 
(Fig. 2B).

ACI‑6677 potentiates uptake of TDP‑43 aggregates 
by mouse microglia
Enhanced uptake and therefore clearance of the patho-
logical protein via formation of immune complexes and 
engagement of Fc-gamma receptors expressed by phago-
cytic cells is an anticipated contributing mechanism for 
efficacy in  vivo. Therefore, the ability of ACI-6677 to 
engage phagocytic cells to clear TDP-43 aggregates by 
Fc gamma receptor-dependent mechanisms was evalu-
ated. For this, an in  vitro assay using mouse primary 
microglia was utilized. Antibodies were complexed with 
pHrodo-labeled aggregated TDP-43 which contained 
fibrillar structures (Fig.  S2B) prior to addition on the 
mouse primary microglia. Internalization of the immune 
complexes by microglia was monitored over 24 h by fol-
lowing pHrodo fluorescence. As compared to the level 
of internalization using either TDP-43 aggregates alone 
or in the presence of an isotype control mAb, a signifi-
cant threefold increase in the uptake of labeled TDP-43 
aggregates was observed in the presence of ACI-6677 
(Figs. 2C and S3). The kinetics of uptake of immune com-
plexes increased over time with the maximum achieved 
between 5 and 10 h (Fig. 2C and D). These data highlight 
the role of Fc-mediated phagocytosis to maximize the 
therapeutic activity of ACI-6677.

Systemic treatment with ACI‑6677 reduces pathological 
TDP‑43 spreading in vivo
As the epitope of ACI-6677 is in the amyloid core and the 
mAb potently inhibited aggregation of TDP-43 in  vitro, 
the ability of ACI-6677 to modulate pathology in  vivo 
was assessed using the CamKIIa-hTDP-43NLSm mice 
inoculated with FTLD-TDP type A brain extracts. This 
model, in which the mice are injected in one hemisphere 
only, allows evaluation of both the generation of pTDP-
43 in brain tissue as well as modulation of spreading to 
the contralateral side in vivo.

In order to support the dosing paradigm to be used, a 
single-dose PK study was performed in wild type mice. 
ACI-6677 demonstrated an excellent sustained exposure 
in blood with a half-life of 17 days following intraperito-
neal administration at 60  mg/kg (Fig.  S4A). No adverse 
effects were observed over 28 days supporting the safety 
of the mAb for targeting TDP-43 in  vivo. Based on the 
observed half-life, a weekly intraperitoneal dosing regi-
men at 60 mg/kg was selected (Fig. S4B).
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Prior to inoculation, the FTLD-TDP type A brain 
extracts were characterized for the presence of aggre-
gated pTDP-43 by immunoblot (Fig. S5A) and ability to 
induce templated-aggregation of TDP-43 in a cell-based 
model of TDP-43 seeding [31] (Fig. S5B). In this assay, the 

extract was transduced to the cells using a protein deliv-
ery reagent prior to DOX addition to induce hTDP-43-
NLSm-GFP. After 3  days, colocalization of GFP-tagged 
TDP-43 with pTDP-43 was assessed and demonstrated 
that these cells developed pathological aggregates when 
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Fig. 2  ACI-6677 inhibits human TDP-43 aggregation and promotes phagocytic clearance by microglia. A de novo aggregation was assessed using 
2.5 μM of ACI-6677 in an assay where the TEV protease is added to cleave MBP-tagged TDP-43, initiating the aggregating process. An isotype control 
mAb in the presence or absence of the TEV protease provides the kinetic profiles for maximal or no aggregation, respectively; Data represent 
mean ± SD of 3 independent replicates. B Quantification of percent aggregation inhibition at 24 h from 2 independent experiments normalized 
to the isotype control without TEV protease. Data shown as mean ± SD reported using a ratio-paired t-test **p < 0.01; C Phagocytosis assay 
with mouse microglia of ACI-6677-TDP-43 immune complexes over 24 h; the total integrated intensity (expressed as green calibrated unit (GCU) x 
mm2 per image) of fluorescent pHrodo™-labeled TDP-43 (30 nM) internalized at each timepoint is reported after incubation with 30 nM of ACI-6677 
or isotype control mAb. Data represents mean ± SD from three technical replicates; D Quantification of total integrated intensity at 6 h from three 
independent experiments normalized to the no mAbs control. Data shown as mean ± SD reported using a ratio-paired t-test *p < 0.05
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transduced by the FTLD-TDP brain extracts as com-
pared with a control (Fig.  S5B). These data confirmed 
the seeding capacity of the brain extracts validating their 
use to induce pathology in the mouse model to evaluate 
spreading.

Following doxycycline removal to induce the transgene 
expression, CamKIIa-hTDP-43NLSm mice were ste-
reotactically injected with the FTLD-TDP type A brain 
extracts described above in the dorsal hippocampus 
and treated with ACI-6677 or an IgG2a isotype control 
starting 24 h after inoculation to allow the assessment of 
therapeutic paradigm (Fig.  S4B). Thirteen weekly injec-
tions of ACI-6677 or the isotype control mAb resulted 
in steady state plasma exposures measured at termi-
nal time points (1787 µg/mL, Fig. S6A). Assuming 0.1% 
blood to brain penetration [18], the predicted exposure 
of ACI-6677 in the brain (≈ 1787 ng/mL) would be ≈30 
fold higher than the measured KD of ACI-6677 (380 pM 
or 57  ng/mL). In this study, no differences in behavior, 
as assessed by tremor and clasping measurement, were 
observed between the groups (Fig.  S6B–D) similar to 
what was previously reported by Porta et al. [31].

On the cellular level, pTDP-43 pathology was observed 
in the hippocampus 3 months post-injection (mpi) with 
substantial pathology in the ipsilateral and contralateral 
sides compared to non-inoculated mice (no extracts) 
confirming propagation of pathology (Fig. 3A, upper and 
middle panel). On the ipsilateral side at 3 mpi, pTDP-43 
pathology was significantly induced in mice receiving 
the isotype control compared with non-inoculated mice 
(Fig. 3B). In the ACI-6677 treatment group, a significant 
reduction in pTDP-43 pathology (by 51%) was observed 
compared with the isotype control group (Fig. 3B).

The significant increase in pTDP-43 pathology on the 
contralateral side in mice administered with isotype con-
trol as compared with non-inoculated mice confirmed 
a robust spreading of pathology from ipsi- to contralat-
eral hippocampus. In mice treated with ACI-6677, a sig-
nificant reduction (i.e., 61%) in pTDP-43 pathology was 
observed at the contralateral side compared with the iso-
type control group (Fig.  3C). These data confirmed the 
ability of the mAb to substantially neutralize the TDP-43 

seeding species and prevent their transmission and tem-
plated aggregation. When correlating the amount of 
pTDP-43 pathology in the ipsilateral and contralateral 
sides with the antibody exposure, a negative correlation 
was observed confirming the exposure–response rela-
tionship (Fig. 3D).

Discussion
Immunotherapy is an attractive, clinical approach to tar-
get neurodegenerative diseases driven by TDP-43 as the 
mechanism involves inhibiting extracellular propagation 
of the underlying pathological seeds via neutralization 
as well as immune mediated elimination via mAbs [1]. 
Thus, for successful targeting of TDP-43, identifying the 
amino acid regions involved in propagation and seeding 
of pathology is essential to define the optimal epitopes 
for therapeutic targeting. Importantly, as antibodies act 
in the extracellular compartment of tissues, immunother-
apy does not alter the physiological, homeostatic role of 
TDP-43 (Afroz et al. [1]), offering a safe means to target 
the pathological forms of such a crucial protein.

In TDP-43 proteinopathies, the C-terminal region of 
the protein is of particular interest for several reasons. 
First, postmortem analyses show the enrichment of trun-
cated C-terminal fragments in the detergent insoluble 
brain extracts and is considered a pathological hallmark 
[26, 28] in contrast to minimal accumulation of N-ter-
minal domains [20]. Second, recently described high-
resolution structures of the C-terminal region of TDP-43 
from patient brain extracts demonstrate the presence of 
a protease-resistant amyloid core involved in TDP-43 
aggregation [4, 5]. Third, TDP-43 antibodies targeting the 
low complexity domain demonstrate efficacy in models 
of ALS/FTD [1, 32]. In this report, we show that the amy-
loid core region of TDP-43 can be successfully targeted 
by a mAb to efficiently block the propagation of TDP-43 
pathology in a transgenic mouse model of ALS/FTD. This 
data validates the mechanism of action of immunother-
apy in TDP-43 proteinopathies and further supports tar-
geting the low complexity domain with mAbs to achieve 
functional efficacy [1, 32].

(See figure on next page.)
Fig. 3  ACI-6677 reduces spreading of TDP-43 pathology in CamKIIa-hTDP-43NLSm transgenic mice inoculated in one hemisphere 
with FTLD-TDP-derived brain extracts. A Immunohistochemistry post 13 weeks of treating the CamKIIa-hTDP-43NLSm mice with ACI-6677 
(bottom), the isotype control mAb (middle) or untreated mice (top, no extracts) was performed using an anti-pTDP-43 mAb (red) and anti-NeuN 
mAb (yellow); the ipsilateral and contralateral hippocampal regions are indicated and representative low and high (scale bar = 40 μm) 
magnification provided; B, C Quantification of the level of pTDP-43 (mean staining density) in the ipsilateral (B) and contralateral (C) hippocampi 
of ACI-6677 (n = 13) versus isotype control (n = 14) treated mice; background level of pathology in transgenic mice ("no extracts", n = 8) injected 
in the hippocampus with PBS and not treated with antibodies is provided. Data represent mean ± SEM. A one-way ANOVA followed by a Tukey 
post-hoc test for multiple comparisons was used. **p < 0.01; ***p < 0.001; ****p < 0.0001; D Correlation of the pTDP-43 levels with the concentration 
of ACI-6677 (measured in plasma 24 h post the last dose) for the ipsilateral (r2 = 0.37 and p = 0.06) and contralateral (r2 = 0.23 and p = 0.17) regions
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Our data shed light on the identity and nature of 
pathogenic C-terminal species present in patient brains. 
ACI-6677 epitope mapping confirmed its binding to the 
amyloid core region present in patient brain extracts. 
This was further corroborated by immunoblot where 
ACI-6677 bound the C-terminal fragments in sarkosyl-
insoluble brain extracts following limited proteolysis. 
Interestingly, in both brain insoluble fractions and patient 
brain sections, all species recognized by ACI-6677 were 
also bound by an antibody specific to pS409/410, sug-
gesting that the extreme C-terminal region harboring the 
disease-specific phosphorylation sites is retained in frag-
ments containing the amyloid core. This was confirmed 
by immunofluorescence on patient brain sections, where 
the signal of ACI-6677 colocalized with pTDP-43 signal, 
demonstrating target engagement of ACI-6677 to patho-
logical TDP-43.

The availability of an antibody binding in the amyloid 
core of TDP-43 opens new avenues for biochemical, 
ultrastructural, and neuropathological characterization 
of TDP-43 pathology to obtain further insights into dis-
ease mechanisms and classification. Currently, neuro-
pathological stratification of TDP-43 subtypes is only 
based on the combination of morphology and localiza-
tion of inclusions and the specific immunoblot pattern 
of C-terminal fragments in the sarkosyl-insoluble brain 
fractions [22, 36]. As ACI-6677 bound in the protease-
resistant core of TDP-43 in FTLD-TDP type A extracts, it 
would be interesting to evaluate its potential for postmor-
tem disease stratification by assessing the relative size of 
the protease-resistant cores in various TDP-43 subtypes. 
Even though the majority of the amino acid sequence in 
the amyloid core region is conserved in TDP-43 pathol-
ogy subtypes, differences at the N and/or C-terminus of 
this region, as demonstrated by the amyloid core struc-
tures from TDP-43 subtypes A [4] and B [5], may under-
lie the observed differences in seeding potency of brain 
extracts from various TDP-43 subtypes [30, 31].

The elucidation of high-resolution structures of the 
low complexity domain of TDP-43 has expanded the 
mechanistic understanding of the role of this region in 
pathobiology [5, 19]. This region of TDP-43, intrinsically 
disordered and demonstrated to contain little second-
ary structure in native state [11], adopts a stable amyloid 
structure in patient brains [4, 5]. Even though the molec-
ular mechanisms leading to these structural transitions 
are not clear, it is evident that this amyloid containing 
region can serve as a nucleation site resulting in further 
maturation of existing aggregates and propagation of 
pathology [19]. Kumar et al. [19] demonstrated that pro-
teolytic processing of recombinantly produced TDP-43 
fibrils exposes this nucleation site to boost its seeding 
activity in an in vitro model of seeded aggregation. This is 

in line with the previous data demonstrating that limited 
proteolysis retains the seeding activity of patient-derived 
brain extracts in  vitro [29]. Importantly for translation, 
our data show that the amyloid core is exposed for inter-
action with ACI-6677 as demonstrated by the efficient 
inhibition of spreading in a mouse model of TDP-43 
proteinopathy.

The animal model used in this study was selected to 
mimic the formation and spreading of phosphorylated 
TDP-43 inclusions, the unique molecular neuropathol-
ogy hallmark of TDP-43 proteinopathies in patients that 
is correlated with the clinical progression of disease [7, 
17]. Unfortunately, the model has certain limitations as 
behavioural readouts are similar whether hTDP-43 tran-
script is expressed or not and thus, are not suitable for 
evaluation [14]. In addition to spreading in the extracel-
lular space, other mechanisms for spreading of TDP-43 
pathology have been described in disease models such as 
cell-to-cell transfer of pathological species by tunnelling 
nanotubes and extracellular vesicles [12, 15]. However, 
since the relative contribution of each of these mecha-
nism remains unclear, clinical evaluation of targeting 
each mechanism individually is needed.

Importantly, binding of ACI-6677 in the amyloid core 
region efficiently neutralized the seeding activity of TDP-
43 to inhibit spreading of pathology from ipsilateral to 
the contralateral side. The mechanism of action of TDP-
43 immunotherapy potentially involves two non-exclu-
sive mechanisms to prevent spreading of pathology by 
efficient neutralization as well as clearance of extracel-
lular TDP-43 species. The data from the in vitro studies 
presented here demonstrate that ACI-6677 efficiently 
binds and neutralizes the aggregation property of TDP-
43. Moreover, the study with microglial uptake demon-
strates an increased phagocytic capacity of the immune 
cells in the presence of the immune complexes as com-
pared to TDP-43 aggregates alone reinforcing the impor-
tance of the Fc effector function for clearance afforded by 
a mAb [1]. In conclusion, these data demonstrate for the 
first time that an immunotherapy approach was able to 
reduce spreading of TDP-43 neuropathology in a mouse 
model providing hope of translating to disease ameliora-
tion in patients.

Conclusions
TDP-43 spreading and seeding in the central nervous 
system is crucial in the clinical progression of ALS and 
FTD. Our findings reinforce the role of TDP-43 C-ter-
minal fragments comprising the amyloid core region 
and contributing to spreading and seeding of pathol-
ogy. By identification of a new mAb binding in the 
TDP-43 amyloid core, our findings demonstrate for the 
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first time that an antibody can neutralize seeding-com-
petent TDP-43 in an animal model of disease and thus 
reduce spreading of TDP-43 neuropathology. It con-
firms the relevance of targeting extracellular pathogenic 
TDP-43 by passive immunotherapy. These findings also 
explain the efficacy of other reported immunothera-
pies binding in or distal to the amyloid core region of 
TDP-43 [1, 32]. Finally, the availability of a mAb bind-
ing in the amyloid core of TDP-43 opens new research 
avenues to obtain not only mechanistic insights into the 
pathobiology of TDP-43 C-terminal fragments but also 
implement new criteria for disease stratification. Alto-
gether, the preclinical data reported here provides addi-
tional support for ongoing drug development programs 
testing the potential therapeutic benefit of molecules 
directed against the C-terminal region of TDP-43.
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