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In amyotrophic lateral sclerosis, a disease driven by abnormal transactive response DNA-binding protein of 43 kDa aggregation, CSF 
may contain pathological species of transactive response DNA-binding protein of 43 kDa contributing to the propagation of path-
ology and neuronal toxicity. These species, released in part by degenerating neurons, would act as a template for the aggregation 
of physiological protein contributing to the spread of pathology in the brain and spinal cord. In this study, a robust seed amplification 
assay was established to assess the presence of seeding-competent transactive response DNA-binding protein of 43 kDa species in CSF 
of apparently sporadic amyotrophic lateral sclerosis patients. These samples resulted in a significant acceleration of substrate aggre-
gation differentiating the kinetics from healthy controls. In parallel, a second assay was developed to determine the level of target en-
gagement that would be necessary to neutralize such species in human CSF by a therapeutic monoclonal antibody targeting transactive 
response DNA-binding protein of 43 kDa. For this, evaluation of the pharmacokinetic/pharmacodynamic effect for the monoclonal 
antibody, ACI-5891.9, in vivo and in vitro confirmed that a CSF concentration of ≍1100 ng/mL would be sufficient for sustained tar-
get saturation. Using this concentration in the seed amplification assay, ACI-5891.9 was able to neutralize the transactive response 
DNA-binding protein of 43 kDa pathogenic seeds derived from amyotrophic lateral sclerosis patient CSF. This translational work 
adds to the evidence of transmission of transactive response DNA-binding protein of 43 kDa pathology via CSF that could contribute 
to the non-contiguous pattern of clinical manifestations observed in amyotrophic lateral sclerosis and demonstrates the ability of a 
therapeutic monoclonal antibody to neutralize the toxic, extracellular seeding-competent transactive response DNA-binding protein 
of 43 kDa species in the CSF of apparently sporadic amyotrophic lateral sclerosis patients.
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Graphical Abstract

Introduction
Amyotrophic lateral sclerosis (ALS) is a debilitating neurode-
generative disorder with high unmet medical need due to the 
lack of disease-modifying therapies.1 The disease primarily 
manifests in the CNS with the loss of upper and lower motor 
neurons leading to progressive motor dysfunctions.1 ALS 
is recognized as a proteinopathy where 97% of cases are 
characterized pathologically by ubiquitinated transactive 
response DNA-binding protein of 43 kDa (TDP-43) contain-
ing inclusions in affected neuronal and glial cells in the 
CNS.2,3 While TDP-43 is an essential nuclear protein regu-
lating RNA metabolism, in pathological conditions, 
TDP-43 mislocalizes forming aggregates in the cytoplasm 
of neurons and glial cells.2 This not only leads to loss of 
TDP-43 function resulting in abnormal processing of essen-
tial neuronal RNA targets but also causes dysfunctions in 
mitochondria4 and nucleo-cytoplasmic transport5 due to 
toxic gain of function of TDP-43 aggregates. Staging of 
TDP-43 pathology based on post-mortem immunohisto-
chemical analysis of ALS brain and spinal cord has revealed 
the spatio-temporal spread of pathology from the initially 

affected region to other neuroanatomically connected brain 
regions.6,7 These data advocate for the presence of specific 
pathogenic forms of TDP-43 that can transmit from cell to 
cell and transform conformation of the native protein into 
pathogenic form in a prion-like mechanism. The cell-to-cell 
spreading of TDP-43 pathology in brain has been demon-
strated in transgenic mouse models injected with pathogenic 
TDP-43 seeds derived from brains of patients with TDP-43 
proteinopathies.8 More recently, spinal cord extracts from 
ALS patients were demonstrated to seed and spread TDP-43 
pathology in ALS cerebral organoids.9 However, this mechan-
ism by itself does not explain the non-continuous clinical 
manifestations frequently seen in ALS.10 To account for 
this, it has been hypothesized that CSF can be a vector for lo-
cal and distal propagation with subsequent disease progres-
sion occurring independently either via axonal11 transport 
(anterograde and/or retrograde), tunneling nanotubes,12

extracellular vesicles13 and CSF transmission.14 In fact, the 
neurotoxicity conferred by CSF of ALS patients in vitro sug-
gests the presence of one or more toxic factors in ALS CSF,15

supporting an implication in disease pathogenesis.16 In ALS, 
a primary TDP-43 proteinopathy, it is hypothesized that 
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disease-associated misfolded TDP-43 forms resulting from 
neurodegeneration in the CNS might be present in patient’s 
CSF and thereby contribute to disease pathogenesis.10

Several attempts have been made to establish the impact of 
ALS patient CSF exposure on TDP-43 aggregation and the as-
sociated downstream features in vitro12 and in vivo.14,17

Recently, an ultrasensitive assay based on amplification of 
seeds has emerged that enabled the detection of misfolded 
TDP-43 forms in CSF from confirmed genetic ALS patients 
that ‘seed’ or ‘induce’ aggregation of native TDP-43.18 Such 
a seed amplification assay (SAA) was originally conceptua-
lized for antemortem detection of prions under the name of 
protein misfolding cyclic amplification and was based on the 
tendency of misfolded prion seeds to serve as template and in-
duce native protein to shift to pathogenic conformation.19

Subsequently, the assay was successfully adapted to detect 
tau,20-22 α-synuclein23-25 and TDP-4318 seeds and has been re-
ported under the name of real-time quaking-induced conver-
sion. In this report, based on the recent consensus, such a 
technique is referred to as a SAA to reflect the proposal for 
a unifying terminology for this concept.26

To study the seeding propensity of CSF obtained from ALS 
patients and establish the translational potential to neutralize 
TDP-43 seeds with immunotherapy, the C-terminal region 
targeting TDP-43 monoclonal antibody (mAb), ACI-5891, 
was assessed. Previously, we have established that this region 
of TDP-43 is key for efficacy.27 The published data clearly de-
monstrated, using multiple in vitro and in vivo models of ALS 
and frontotemporal dementia (FTD), that mAbs such as 
ACI-5891 with epitopes in the C-terminal region result in 
the reduction of pathology as well as confer neuroprotection 
from toxic patient brain-derived TDP-43 aggregates.27

Furthermore, the sequence of ACI-5891 was humanized to 
a therapeutic suitable format, ACI-5891.9, which involved in-
sightful antibody engineering, producing a candidate with op-
timal potency and pharmacokinetics to maximize successful 
disease modification in upcoming clinical trials.28

Thus, to study patient-derived extracellular seeding- 
competent TDP-43 and implications for clinical research, a 
robust SAA was established, employing a unique reaction sub-
strate to both confirm the presence of seeding-competent 
TDP-43 species and determine the effect using a therapeutic 
mAb, ACI-5891.9. In parallel, a novel target engagement as-
say complemented with pharmacokinetic (PK) data from non- 
human primates (NHPs) was created to obtain the pivotal 
data to model the dose needed for target saturation in patients. 
Together, the data confirmed that CSF of apparently sporadic 
ALS patients contains species which can induce TDP-43 ag-
gregation. Furthermore, when using the high-affinity mAb, 
ACI-5891.9, full inhibition of seed amplification was ob-
served at clinically relevant concentrations. Hence, these 
data add to the growing body of literature to support that 
spreading of pathology in ALS occurs at least in part by spe-
cies found in CSF. As such, treating patients with a passive 
immunotherapy approach by ACI-5891.9 should result in 
slowing and ameliorating devasting TDP-43-mediated neuro-
degenerative diseases such as ALS.

Materials and methods
Human CSF samples
Human CSF was provided by the Northeast Amyotrophic 
Lateral Sclerosis Biofluids Repository, Boston, USA. All sam-
ples were collected and used with written informed consent. 
Participants were not tested for all known ALS-causative 
genes, however, as these participants had no family history 
of ALS or FTD, they were classified as ‘apparently sporadic 
ALS’. Due to the small size of cohorts, the healthy controls 
(HCs) were not perfectly age matched, but majority of 
them overlapped with the ALS patients in age (Table 1). 
CSF was obtained by sterile lumbar puncture procedure by 
a qualified clinician, collected in sterile, polypropylene tubes, 
rapidly divided into aliquots, in polypropylene cryovials, and 
stored at − 80°C. The samples were handled without re-
peated freeze-thawing. Before measurements, samples were 
thawed at room temperature (RT) and vortexed.

SAA substrate production
The TDP-43 peptide used as assay substrate (H-352NNQNQ 
GNMQREPNQAFGSGNNSYSGSNSGAAIGWGSASNAG 
SGSGFNGGFGSSMDSKSSGWGM414-OH) was chemically 
synthesized at Pepscan and obtained with a purity >99% 
(UPLC/UV215). Lyophilized powder was first dissolved in 
pure hexafluoro-2-propanol (HFIP) for 5 days under agitation 
at RT and let dry under the hood overnight (200 µL of HFIP 
for 0.5 mg of lyophilized substrate). Films were then resus-
pended in ice-cold H2O, aliquoted and kept at −80°C. 
Concentration was assessed by measuring UV absorbance at 
280 nm using NanoDrop Spectrophotometer (Thermo Fisher).

TDP-43 SAA for CSF samples
Reactions were performed in 96-well black/clear bottom 
plates (Thermo Fisher #265301) in a total volume of 

Table 1 Summary of CSF samples used in SAA

CSF

Apparently 
sporadic ALS 

(sALS)

Healthy 
control 
(HC)

Number of donors 42 14
Age at collection [mean (SD), 

range]
58.8 (10.2), 39–78 41.0 (15.4), 

19–59
Age at symptom onset [mean 

(SD), range]
55 (10.8), 27–74

Disease duration at sample 
collection [mean (SD), 
range]

3.8 (3.2), 1–17

Gender, female in % 45.2 42.9
Site of onset [limb, bulbar] in % 84, 16
Ethnic category [non-Hispanic 

or Latino, Hispanic or 
Latino] in %

100, 0 86.7, 13.3

ALSFRS total score at first visit 
[mean (SD), range]

36.2 (6.5), 18–47

ALSFRS, amyotrophic lateral sclerosis functional rating scale; SD, standard deviation.
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200 µL per well and in the presence of one glass bead of 
3 mm diameter (Supelco #104015) in each well. The reaction 
master mix contained 40 mM Tris-HCl, 5 mM DTT, 
0.002% SDS, 50 µM thioflavin T (ThT) and 10 µM sub-
strate peptide (additional concentrations were tested in 
Fig. 1). Five microlitres of undiluted and unprocessed human 
CSF was used as seed per well. Plates were sealed and incu-
bated at 40°C in a Tecan i-control (excitation/emission: 
440/485 nm) with intermittent shaking cycles (amplitude 
1.5 mm) of 1 min every 30 min. Two kinds of parameters 
were quantified: the time in hours needed to reach a certain 
value of fluorescence during the exponential phase of 

aggregation and the amount of fluorescence measured at dif-
ferent time points.

For seeding neutralization experiments, 1000 ng/mL of ei-
ther ACI-5891.9 or IgG1 isotype control was preincubated 
with 5 µL undiluted and unprocessed CSF for 30 min at 
RT with agitation in the SAA master mix, without the sub-
strate and ThT. These two reagents were added immediately 
prior to incubation at 40°C. Fluorescence (rfu) was arbitrar-
ily compared at 12 h between the different conditions. 
Additionally, the difference in time to reach 3000 rfu be-
tween each sample incubated with ACI-5891.9 versus iso-
type control (ratio) was assessed.

Figure 1 Detection of seeding-competent extracellular TDP-43 in CSF of ALS patients. (A) Aggregation kinetics of a seed-free 
TDP-43 peptide (352–414) used as the substrate for the SAA. Formation/accumulation of β-sheet-rich structures for a range of concentrations of 
substrate was evaluated over time by measuring the ThT fluorescence every 30 min. (B) Kinetics of a seed-free (grey) and seeded (red) aggregation 
where the final product of the 15 µM condition described in A was used as synthetic seeds. (C) Electron micrographs of assay substrate fibrils 
obtained after amplification reaction. Scale bar = 200 nm. (D) CSF from apparently sporadic ALS patients (n = 20, black) and age-matched HCs 
(n = 12, blue) were used as seeds in the SAA with 10 µM of substrate. An arbitrary amplification threshold was defined in the exponential phase at 
3000 rfu (dotted line). (E) Quantification of the time to reach 3000 rfu. Data shown as mean ± standard error. Unpaired Student’s t-test 
(two-tailed), ****P < 0.0001.
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Electron microscopy to assess 
aggregation of assay substrate in SAA
The morphology of assay substrate assemblies was assessed by 
transmission electron microscopy in a CM 100 Biotwin trans-
mission electron microscope (Philips) following adsorption 
onto formvar carbon-coated 400 mesh grids and negative 
staining with 1% uranyl acetate. The images were recorded 
using a bottom-mount TVIPS F416 camera (4K × 4K).

Recombinant TDP-43 production
Human TDP-43 was expressed in Escherichia coli as a fusion 
protein with N-terminal His-SUMOstar tag. Protein expres-
sion was induced with 0.1 mM IPTG at 18°C for 16 h in 
Luria–Bertani medium (Sigma) supplemented with kanamy-
cin. Following cell lysis, the protein was purified from 
the soluble fraction using affinity chromatography. 
Subsequently, the His-SUMOstar tag was removed using 
the SUMOstar Protease I (Tebu-bio). Finally, the protein 
was applied to size exclusion chromatography using 16/ 
600 Superdex 75 column to obtain high-purity soluble pro-
tein in buffer (40 mM HEPES pH 8.0, 500 mM KCl, 
20 mM MgCl2, 200 mM L-arginine, 5% glycerol, 0.05% 
NP-40, and 0.1 mM TCEP).

Total TDP-43 quantifications in 
human CSF
The Single Molecule Array (SIMOA®; Quanterix 
Corporation, USA) technology was used for the development 
of high-sensitivity custom immunoassays using two propri-
etary murine IgG2a mAbs binding TDP-43: ACI-5891 
and ACI-5965. ACI-5891 was conjugated to paramagnetic 
beads (Quanterix Corporation) as a capture reagent, and 
ACI-5965 was biotinylated (Thermo Fisher) to be used as a de-
tection antibody. Assays were performed using a three-step 
protocol with all incubation steps performed at 25°C on a mi-
croplate shaker set at 800 rpm (Quanterix Corporation). The 
incubation times were 30 min with the antibody-conjugated 
capture beads, 10 min with the biotinylated detection anti-
body, and 10 min with streptavidin-β-D-galactosidase (SBG; 
Quanterix Corporation). Plates were washed between each in-
cubation using a magnetic microplate washer (Quanterix 
Corporation) and read with a SR-X SIMOA® instrument 
(Quanterix Corporation). Assay optimizations were accom-
plished by adjusting the concentrations of mAbs either conju-
gated to the paramagnetic beads or after biotinylation. The 
molar ratio of biotin and linker used for mAb–biotin conjuga-
tions and the concentrations of SBG were also adjusted. 
Paramagnetic beads conjugated to the capture antibody were 
diluted in bead diluent (Quanterix Corporation), and human 
CSF samples were diluted in the general detector and sample 
diluent (Quanterix Corporation). SBG was diluted in SBG di-
luent (Quanterix Corporation). The lower limit of quantifica-
tion was determined as the mean blank for a readout of 
average enzyme per bead (AEB) + 2.5 times the standard 

deviation. The lower limit of detection was set based on the sig-
nal at the lowest concentration of the calibrator (0.023 AEB). 
For calibrator, full length recombinant TDP-43 with a polygly-
cine tag in N-terminal was used (described above). The raw va-
lues in AEB rather than the extrapolated concentrations for 
CSF were used as the levels of TDP-43 signal was between low-
er limit of detection and lower limit of quantification.

Free (unbound) TDP-43 
quantifications in human CSF to 
determine ACI-5891.9 half-maximal 
inhibitory concentration
The assay described above was used to quantify free (un-
bound) TDP-43 in human CSF. Different concentrations 
(from 0 to 5000 ng/mL) of ACI-5891.9 (ACI-5891 huma-
nized variant on human IgG1 backbone) were spiked into 
three different human CSF samples prior to use in the assay. 
This resulted in concentration-dependent saturation of the 
epitope by ACI-5891.9, preventing capture of TDP-43 by 
the ACI-5891-coated magnetic beads and allowing assess-
ment of target engagement by measuring free TDP-43. A 
four-parameter logistic regression model was used to plot 
each curve for each human CSF sample independently.

Humanized IgG1 antibody 
production
The Fv domain of ACI-5891 was discovered by hybridoma 
technology, from mice immunized using the SupraAntigen® 
vaccine technology.28 Murine complementarity-determining 
regions (CDRs) of ACI-5891 VH and VL were grafted 
onto selected frameworks VH1-69-2/VK2-28. Back- 
mutations were introduced at critical framework residues 
known to influence CDR conformation and based on the 
molecular model of ACI-5891 Fv domains to generate 
ACI-5891.9.28 For recombinant antibody productions, 
CHO cells were transiently transfected with equimolar 
quantities of heavy- and light-chain vectors. Antibodies 
were purified from supernatants by protein A chromatog-
raphy (Cytiva, cat# 17543803). The identity and purity 
of the purified antibodies were confirmed using native 
and reducing SDS-PAGE. Concentrations of antibodies 
were measured using the NanoDrop Spectrophotometer 
(Thermo Fisher).

NHP PK studies
The in vivo study was approved by the national ethical guide-
lines and performed in an animal facility accredited by the 
provincial animal management office. NHPs ≥ 2 years old, 
weighing ≥ 2 kg, were purchased from Hainan Jingang 
Laboratory Animal Co. Ltd. ACI-5891.9 was administered 
by intravenous bolus injection single dose at 40 mg/kg (n =  
4). Serum was collected from each animal at the following 
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time points: pre-dose (−24), 0.05, 1, 2, 4, 8, 16, 24, 48, 168, 
336, 504, 672, 840, 1008, 1176 and 1344 h (Day 56).

Serum PK time points were selected to accurately 
capture the initial antibody concentration at the start of 
the study, the distribution phase during the first 48 h and 
the typical inflexion point of the PK profile (depicting 
a two-compartmental distribution behaviour expected 
for mAbs). Following this, weekly time points were col-
lected for 8 weeks to characterize the elimination phase. 
PK parameters were estimated by non-linear mixed effect 
modelling using Monolix (2019R1, Lixoft) by a two- 
compartmental model with linear elimination from central 
compartment. PK parameters are reported as typical popu-
lation PK parameters, and the terminal half-life was de-
rived from it.

CSF was collected at the following time points: pre-dose 
(−24), 48 and 1344 h (Day 56), except for the NHP#1 
for which both the pre-dose and 48 h time points were not 
collected as per protocol. The pre-dose time point allowed 
baseline quantification of TDP-43. The time point at 48 h 
post-dose allowed assessment of antibody penetration in 
the CNS when serum concentration was expected to be 
high, and the terminal time point was used to assess antibody 
concentration at the end of the study when antibody serum 
concentration had declined. Animals were checked daily 
for body condition, natural behaviour and appearance. 
Haematology and blood chemistry were performed pre-dose 
and at 168 h post-dose.

Determination of ACI-5891.9 serum 
and CSF concentration in NHP PK 
study
The total concentration of human antibody in NHP serum 
was determined by enzyme-linked immunosorbent assay 
(ELISA). A biotinylated mouse polyclonal anti-human kappa 
chain antibody (Southern Biotech) diluted to 1.5 µg/mL in 
phosphate buffered saline (PBS) with 0.05% Tween 20 was 
captured onto a streptavidin-coated microplate (Microcoat 
Biotechnologie GmbH) for 1 h at RT. Plates were washed 
four times with PBS with 0.05% Tween 20 and blocked 
with 100 µL of PBS with 1% bovine serum albumin (BSA) 
and 0.05% Tween 20 (dilution buffer) for 1 h at RT. 
Standard curves prepared from a 2-fold serial dilution start-
ing at 50 ng/mL and test samples diluted in 1:100 dilution 
buffer supplemented with 1% cynomolgus monkey serum 
(Neo-Biotech) were loaded to the plates, incubated for 
90 min at RT and washed as previously described. Bound hu-
man antibodies were detected with an anti-human kappa 
chain antibody conjugated to horseradish peroxidase 
(Southern Biotech) diluted to 4.0 ng/mL in dilution buffer. 
Plates were incubated for 30 min at RT and washed as previ-
ously described. Finally, TMB substrate (SeraCare) was 
added to each well and incubated for 10–15 min. 
Reactions were stopped by adding 100 µL of Stop Solution 
(Bethyl) to each well. Absorbance was read at 450 nm with 

a reference wavelength at 690 nm using a BioTek microplate 
reader. Concentrations of all serum samples were back- 
calculated against a reference standard using a non-linear 
four-parameter regression fit including a 1/y2 weighting.

The total concentration of human antibody in NHP CSF 
was also determined by ELISA. Briefly, coating of 96-well 
plates was done with an anti-human IgG at 10 nM 
(=1.5 µg/mL) in carbonate–bicarbonate buffer (Sigma, 
SLBM9869V) using 50 µL/well at 4°C overnight. The 
washing steps were done using a plate washer and 200 µL 
per well of PBS/Tween 20 (0.05%). Blocking used 5% 
BSA in PBS/Tween 20 (0.05%) at RT for 30 min. Fifty mi-
crolitres per well of the sample (CSF, standards and quality 
controls) were incubated at 37°C for 1.5 h. CSF was diluted 
to 1/100. Incubation with the detection antibody, anti- 
human IgG F(ab’)2 (Jackson), at 20 nM (3 µg/mL) in PBS 
with 1% BSA and 0.05% Tween 20 for 1 h was performed 
at 37°C. Fifty microlitres per well of the TMB substrate 
(SeraCare) for 15 min at RT in the dark was used for the de-
tection, and the reaction was stopped by adding 50 µL per 
well of H2SO4. Absorbance was read at 450 nm using a 
Tecan plate reader. Concentrations of CSF samples were 
also back-calculated using a reference standard using a non- 
linear four-parameter logistic model. The sensitivity of the 
assay was 0.93 ng/mL.

Free TDP-43 quantifications to assess 
ACI-5891.9 target engagement in 
NHP serum
A similar assay design to that described for CSF was used to 
assess target engagement in the serum of NHPs previously 
treated with ACI-5891.9 during the PK study. However, 
capture and detection antibodies were inverted. The RNA 
recognition motif (RRM) binding TDP-43 mAb ACI-5965 
was coupled to acceptor beads to capture total TDP-43, 
while detection was performed using a biotinylated 
ACI-5891. Additionally, serum samples were diluted (1/ 
10) in a diluent (PBS, 300 mM NaCl, 2% BSA, 0.6% 
CHAPS, and 50 µg/mL TruBlock, pH 7.1) specifically for-
mulated for optimum assay performance in serum. The con-
centration of free TDP-43 was extrapolated in picograms 
per millilitre or as a fold change compared to the pre-dose 
serum for each animal.

Statistical analysis
Graphs represent the mean of all samples in each group ±  
SEM or SD. Sample sizes (n values) and statistical tests are 
also indicated in figure legends. For data in Fig. 1E and 
Supplementary Figs. 1D–G and 3C, an unpaired Student’s 
t-test (two-tailed) was used whereas for data in Fig. 3C, an 
ordinary one-way ANOVA followed by a Tukey’s test for 
post hoc analysis was used. The normal distribution of all 
data has been checked. P-values are reported as asterisks 
based on the following values: ****P < 0.0001, ***P <  
0.001 and *P < 0.05.
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Results
Seeding-competent TDP-43 in CSF of 
apparently sporadic ALS patients 
confirmed by SAA
To confirm the presence of seeding-competent TDP-43 in 
the CSF of apparently sporadic ALS patients, a SAA was de-
veloped. Amongst several TDP-43 peptides and proteins 
tested, one short peptide in the C-terminal region (amino 
acids 352–414) with characteristics suitable for SAA was 
identified. Following an initial lag phase, the substrate 
alone showed a concentration-dependent aggregation as 
monitored by ThT fluorescence, confirming the formation 
of β-sheet-containing fibrils (Fig. 1A). Following a rapid ex-
ponential phase, a plateau was reached for all tested con-
centrations demonstrating a consistent and reproducible 
reaction equilibrium (Fig. 1A). Importantly, when the seeds 
obtained at the end of the reaction were introduced at the 
beginning of a new reaction, an acceleration of the aggrega-
tion kinetics was observed (Fig. 1B). These data confirmed 
that the introduced seeds served as template to induce 
an acceleration of the aggregation of the monomeric sub-
strate, validating the principle of the SAA for TDP-43. 
Ultrastructural evaluation of the aggregation products at 
the end of the reaction confirmed the presence of fibrils 
demonstrating the ability of this peptide to form 
β-sheet-rich fibrillar structures (Fig. 1C). The buffer condi-
tions were further optimized to reduce the initially observed 
inter-experimental variability in substrate aggregation 
(Supplementary Fig. 1A). Solubilization of peptide in 
HFIP resulted in a consistent substrate aggregation from 
different batches of peptide preparations (Supplementary 
Fig. 1B).

Following the assay qualification, CSF from 20 apparent-
ly sporadic ALS patients and 12 HC (described in Table 1) 
were used as seeds in the SAA, and aggregation kinetics of 
the substrate was measured. CSF from apparently sporadic 
ALS patients accelerated the aggregation kinetics of the re-
action substrate compared to HC, demonstrating the pres-
ence of seeding-competent TDP-43 in ALS CSF (Fig. 1D, 
Supplementary Fig. 1C). Time to reach an arbitrary fluores-
cence level (3000 rfu), which was chosen as in the exponen-
tial amplification phase, was significantly shorter in 
apparently sporadic ALS CSF (8.47 h) as compared to HC 
(10.50 h; Fig. 1E). Fluorescence values at various time 
points also showed significantly higher values in apparently 
sporadic ALS samples compared to HC (Supplementary 
Fig. 1D–F). The substrate aggregation kinetics observed in 
CSF from HC reflected the expected intrinsic aggregation 
of the assay substrate. Importantly, the optimized SAA dif-
ferentiated the CSF obtained from apparently sporadic ALS 
patients versus HC in contrast to the assay measuring only 
the levels of total TDP-43 where equivalent levels of 
TDP-43 were measured in the two groups (Supplementary 
Fig. 1G).

Determination of the 
pharmacologically relevant 
anti-TDP-43 mAb concentration 
in human CSF
The presence of TDP-43 seeding-competent species in CSF of 
ALS patients reinforces the rational for TDP-43 immuno-
therapy, using, for example, the high-affinity TDP-43 
mAb, ACI-5891.28 To test whether the humanized mAb 
ACI-5891.9 could prevent seeding in ALS CSF samples, tar-
get binding and mAb concentration required to saturate 
TDP-43 in the CSF was evaluated. For this, a novel immuno-
assay using single-molecule array (SIMOA®) technology 
was set up. A mouse anti-human C-terminal targeting, 
TDP-43 mAb, ACI-5891, was coupled to acceptor beads al-
lowing capture of total TDP-43 in human CSF. However, 
when ACI-5891.9, a humanized version of ACI-5891, was 
pre-incubated in human CSF sample, immune complexes 
with TDP-43 were formed impeding their capture in the as-
say due to the unavailability of the ACI-5891 epitope 
(Fig. 2A, Supplementary Fig. 2A). Therefore, only free (un-
bound) TDP-43 was measured using a non-competing 
TDP-43 detection mAb, ACI-5965, that bound in the 
RRMs (Fig. 2A, Supplementary Fig. 2A). Incubating with in-
creasing concentration of ACI-5891.9 in human CSF re-
sulted in a concentration-dependent decrease in free 
TDP-43 signal compared to the isotype control, demonstrat-
ing the specificity of the assay to quantify free TDP-43 in CSF 
(Supplementary Fig. 2B). When replicated in three additional 
human CSF samples (described in Table 2), an average half- 
maximal inhibitory concentration (IC50) of 129.2 ng/mL 
was calculated for ACI-5891.9 confirming its high binding 
affinity to TDP-43 (Fig. 2B). Importantly, based on IC90 

(1100 ng/mL), these data demonstrated that a mAb concen-
tration of approximately ≍1100 ng/mL was required to sat-
urate all forms of TDP-43 in human CSF (Fig. 2B).

ACI-5891.9 CSF levels required for 
target saturation achieved in vivo
Having estimated the concentrations of ACI-5891.9 required 
for target saturation in human CSF, exposure levels were de-
termined in CSF following peripheral administration of 
ACI-5891.9 in NHPs. To this end, a PK study was performed 
in which ACI-5891.9 was administered as a single dose of 
40 mg/kg intravenously. ACI-5891.9 demonstrated excellent 
pharmacokinetics with a low clearance 0.083 mL/h/kg, re-
sulting in a sustained mAb exposure with a half-life of 12.7 
days (Fig. 2C, Supplementary Table 1 and Fig. 2C). No ad-
verse clinical findings were observed in animals dosed with 
ACI-5891.9. Following confirmation of mAb exposure in 
serum, mAb levels in NHP CSF from the same study were 
quantified with an ELISA utilizing an anti-human IgG as cap-
ture antibody and an anti-human IgG F(ab’)2 detection anti-
body (Fig. 2D, Supplementary Fig. 2D).
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However, due to the small number of animals in the study, 
only a limited number of time points were measured. Levels 
of up to 1000 ng/mL of ACI-5891.9, required for target sat-
uration, were achieved in CSF 48 h after dose administration 
(Fig. 2D). Moreover, the low serum mAb clearance also re-
sulted in a prolonged CSF exposure. Even at the terminal 
points (Day 56), CSF levels were close to the KD of 
ACI-5891.9 (Fig. 2D). Taken together, these data demon-
strated that ACI-5891.9, when administered peripherally, 
crossed the blood–brain barrier (BBB) to reach concentra-
tions in the CNS required for sustained target saturation.

ACI-5891.9 pharmacodynamics in vivo
To assess the pharmacodynamics of ACI-5891.9 in vivo, a 
second immunoassay using SIMOA® technology was devel-
oped. Briefly, the RRM binding TDP-43 mAb ACI-5965 was 
coupled to acceptor beads to capture total TDP-43, while de-
tection was performed using a biotinylated ACI-5891. 

Similar to the assay principle described before, the formation 
of immune complexes by ACI-5891.9 in vivo precluded their 
detection by this assay due to the unavailability of ACI-5891 
epitope (Supplementary Fig. 2E). This was indeed confirmed 
by spiking various concentrations of ACI-5891.9 in NHP 
serum prior to TDP-43 measurements in the assay 
(Supplementary Fig. 2F). As predicted, compared to the iso-
type control mAb, no TDP-43 signal could be measured 
with spiked ACI-5891.9 concentrations between 10 and 
1000 µg/mL, demonstrating complete saturation of the tar-
get (Supplementary Fig. 2F). As the ACI-5891.9 serum con-
centrations in the PK study were in this range, this assay 
could be successfully used to measure target engagement 
in NHP serum following 40 mg/kg single-dose administra-
tion. Total TDP-43 levels measured at the baseline (pre-dose 
time point −24 h) were completely bound by ACI-5891.9 in 
the serum at all time points post-dosing, demonstrating effi-
cient binding and formation of stable immune complexes 
(Fig. 2C, Supplementary Fig. 2G). This was consistent with 

Figure 2 Pharmacologically relevant concentrations to saturate TDP-43 in human CSF by ACI-5891.9 achieved in vivo. (A) A 
SIMOA®-based assay to assess target engagement in CSF of NHPs (used for B). ACI-5891 was used as a capture antibody after coating to magnetic 
beads. A biotinylated version of ACI-5965 was used as a detection antibody. Arrows on the left indicate the ability of the assay to measure free TDP- 
43 as opposed to unmeasured immune complexes (shown by arrows on the right). (B) ACI-5891.9 IC50 estimation in human CSF using the assay 
described in A. Free TDP-43 signal shown on y-axis by measuring AEB in human CSF (n = 3) with increasing concentration of ACI-5891.9 (x-axis). (C) 
ACI-5891.9 PK/PD relationship in NHPs (n = 4) administered with ACI-5891.9 (single intravenous dose at 40 mg/kg). Left and right y-axes represent 
ACI-5891.9 exposure (circles) and free TDP-43 fold change (triangles), respectively. NHP#1 (open circles and triangles) presented ADA response. 
The dotted line represents ACI-5891.9 KD (126 pM or 18.9 ng/mL). (D) ACI-5891.9 exposure in CSF of the same four NHPs (described in C) 
following single-dose intravenous administration at 40 mg/kg. Open circle in 1344 h time point indicates the animal with ADA.

8 | BRAIN COMMUNICATIONS 2023: Page 8 of 13                                                                                                            M. Audrain et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/braincom

m
s/article/5/6/fcad306/7341985 by guest on 16 April 2024

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad306#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad306#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad306#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad306#supplementary-data


the fact that serum mAb concentrations were at least three 
log units higher than the KD of ACI-5891.9 at all time points 
up to 56 days, and complete target saturation was expected. 
Indeed, this was observed as the target remained bound until 
the final time points (Fig. 2C, Supplementary Fig. 2G), ex-
cept in one animal where anti-drug antibodies (ADA) re-
duced the mAb concentrations at the later time points and 
a corresponding increase in the free TDP-43 was observed 
(Fig. 2C, Supplementary Fig. 2C and G), demonstrating the 
robustness and sensitivity of the assay to measure free 
TDP-43.

ACI-5891.9 neutralizes pathogenic 
TDP-43 seeds in CSF obtained from 
apparently sporadic ALS patients at 
pharmacologically relevant 
concentration
To test whether ACI-5891.9 can block TDP-43 seeding in 
patient CSF, the SAA was performed in the presence of the 

antibody. Briefly, the assay was performed after pre- 
incubating CSF of either ALS or HC with ACI-5891.9 or 
an isotype control mAb at a concentration of 1000 ng/mL 
(Supplementary Fig. 3A). This concentration close to the 
EC90 was able to saturate the target in human CSF 
(Fig. 2B), and such CSF mAb concentrations were achieved 
in NHPs following single dose at 40 mg/kg (Fig. 2D). Of 
note, even though the assay substrate contained the binding 
epitope of ACI-5891.9, the low mAb concentration 
(1000 ng/mL, i.e. 0.006 µM) as compared with the assay 
substrate (10 µM) did not affect the intrinsic aggregation 
of the SAA substrate per se (Supplementary Fig. 3B). 
Strikingly, incubating ACI-5891.9 with the CSF obtained 
from ALS patients delayed the aggregation of the substrate 
as compared to the isotype control (Fig. 3A). The isotype 
control had no effect, resulting in the expected faster aggre-
gation in CSF of ALS as compared with HC (Fig. 3B). 
Furthermore, as no seeds were expected in the HCs, there 
was no effect of either ACI-5891.9 or the isotype control 
on the aggregation kinetics reflecting only the intrinsic aggre-
gation of the substrate (Fig. 3B). By testing this in a larger 
number of CSF samples obtained from ALS patients and 
HC, a significant decrease in the measured fluorescence at 
the 12 h time point (in the exponential phase) was observed 
in CSF of ALS patients upon ACI-5891.9 incubation as com-
pared to the isotype control, demonstrating neutralization 
and inhibition of seeding activity by ACI-5891.9 (Fig. 3C). 
As expected, there was no effect of ACI-5891.9 in any of 
the CSF samples from HC (Fig. 3C). In addition to reduction 
in aggregation, there was a delay in the aggregation kinetics 
in samples from ALS patients as compared to HC shown by 
the time required to reach an arbitrary fluorescence in the 

Table 2 Summary of CSF samples used to determine 
ACI-5891.9 IC90

CSF
Number of  

donors Age Gender

Dementia AD mixed 1 79 Male
FTD, behavioural variant 1 72 Female
Normal pressure hydrocephalus 1 77 Male

AD, alzheimer’s disease; FTD, frontotemporal dementia.

Figure 3 ACI-5891.9 neutralizes TDP-43 seeding species in CSF of ALS patients. (A) Apparently sporadic ALS patients or HCs. 
(B) CSF were pre-incubated for 30 min at RT with 1000 ng/mL of ACI-5891.9 (filled symbols) or 1000 ng/mL of the isotype control antibody (open 
symbols) prior to be used as seeds in the SAA. (C) Quantification of the fluorescence at 12 h. Data shown as mean ± standard error, for ALS (n =  
13) and HC (n = 9). An ordinary one-way ANOVA followed by a Tukey’s test for post hoc analysis, *P < 0.05.
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exponential phase when normalized by isotype control 
(Supplementary Fig. 3C). However, in some of the CSF sam-
ples from ALS patients, there was an unusual delay in the 
aggregation kinetics of the substrate in the presence of the 
isotype control compared to other samples and may re-
present outliers due to the normalization method used, espe-
cially as this phenomenon was also observed in a sample 
from the HC group (Supplementary Fig. 3C).

Discussion
The existence of various pathological TDP-43 species re-
leased by degenerating neurons remains an attractive hy-
pothesis to explain a number of clinical findings, including 
non-continuous manifestations observed particularly in 
ALS.10 Here, we confirm the presence of seeding-competent 
TDP-43 in the CSF from patients with apparently sporadic 
ALS similar to what was previously reported for genetic 
ALS cases.18 While the total amount of TDP-43 in both 
sets of CSF samples was equivalent, setting up an optimized 
SAA demonstrated the presence of seeding-competent spe-
cies only in the CSF of apparently sporadic ALS patients. 
This finding is particularly clinically relevant as 90% of 
ALS cases are sporadic.29 Establishing the existence of such 
species next allowed us to prove that an anti-TDP-43 mAb, 
such as ACI-5891.9, would neutralize this pathological ac-
tivity when provided in sufficient quantities. Translating to 
the clinical setting, we have modelled the in vitro and in 
vivo PK and pharmacodynamic data to support a feasible 
dose level administered systemically that will result in a con-
centration sufficient for target saturation in patients.

To date, the lack of knowledge concerning the nature of 
disease-mediating species of TDP-43 has been hampered by 
the paucity of fluid-based biomarker assays for TDP-43.30

Therefore, inconsistent results for total TDP-43 levels in 
the CSF of ALS and FTD patients have been reported.30

Moreover, the abundance of species carrying disease-specific 
post-translational modifications such as phosphorylation 
appears to be at the limit of detection of currently available 
methods.30 Unfortunately, the underlying limitation of these 
assays is their inability to detect the misfolded and/or aggre-
gated species associated with disease that are hypothesized to 
induce aggregation of native protein in a prion-like man-
ner.31 As the abundance of TDP-43 in CSF is low,32 the levels 
of misfolded TDP-43 can be below the detection levels of the 
current assays that aim to quantify TDP-43. Moreover, the 
seeding-competent species could also be specific truncated 
forms of TDP-43 harbouring the C-terminal amyloid region 
of TDP-43 as recently demonstrated by structural analysis.33

However, due to the unavailability of assays to specifically 
quantify those fragments, their identification and detection 
in CSF have not been possible.

Therefore, we set out to address these gaps by establishing 
a SAA in which we focused efforts on the amplification step 
to detect misfolded conformations that are present in CSF of 
patients. Prior research has suggested that seeding can be 

observed with the use of amplification in the CSF of patients 
with genetic forms of ALS such as c9orf72, TARDBP and 
GRN,18 which are associated with TDP-43 proteinopathy. 
Here, we developed the SAA to be sensitive enough to repro-
ducibly detect such species in samples from apparently 
sporadic ALS patients. To achieve such an assay, several 
parameters were assessed. Importantly, the use of a short, 
C-terminal TDP-43 peptide as substrate generated the high-
est level of reproducibility in terms of substrate aggregation 
kinetics. Batch-to-batch variability in aggregation kinetics 
was optimized by pre-dissolving the substrate in HFIP that 
is known to disrupt pre-formed β-sheet structures.34 In com-
bination with reproducible and consistent synthesis of sub-
strate batches, this resulted in reproducible aggregation 
kinetics of the assay substrate. Moreover, the assay substrate 
overlapped partially with the C-terminal region employed in 
previously reported SAA18 and may explain the consistent 
results obtained in our assay for the detection of seeding spe-
cies in CSF.

As with all novel biological assays, the aim is to share the 
current format with the scientific community and then con-
tinue to optimize with larger sample sets. The data obtained 
from samples shared by biobanks and consortiums will pro-
vide a better definition of assay parameters including the 
sensitivity and dynamic range as well as understanding 
the relevance for different patient subtypes. With larger 
and more diverse data sets, we envision clearer insights 
into, for example, how to meaningfully normalize results 
and set thresholds for samples that may present with a dif-
ferent profile (Supplementary Fig. 3C). The profile in four 
ALS and one HC samples in our small data pool was attrib-
uted to delayed aggregation kinetics of the assay substrate 
in the presence of the isotype control. We will test the hy-
pothesis that as TDP-43 is an aggregation-prone protein, 
non-specific interactions between the isotype control and 
TDP-43 in these samples might result in such an altered ag-
gregation profile.

The field advances with having the SAA methodology as 
described here as ultimately amplifying TDP-43 will be of 
use as both a diagnostic and pharmacodynamic readout in 
clinical trials when assessing modalities directly and indirect-
ly targeting TDP-43. First, the SAA can be used to assist 
in pre-selection of ALS patients with confirmed seeding- 
competent TDP-43 in clinical trials evaluating TDP-43 tar-
geting compounds. The current SAA can serve as a tool to 
screen ALS patients to confirm the presence of TDP-43 seeds 
in the CSF and exclude patients without TDP-43 pathology 
such as those with SOD1 or FUS pathology. Second, together 
with pre-clinical study data, the SAA can be used in the mod-
elling to establish and support the choices for clinical doses. 
For example, the data from the SAA provide pharmacologic-
ally effective concentrations of the antibody required in the 
CSF of patients. Additionally, the SAA can be used as a proof 
of target engagement. As demonstrated in Fig. 3, the aggre-
gation kinetics in CSF of patients returned to baseline level 
in the presence of saturating amounts of mAbs due to 
efficient neutralization of seeding species. Therefore, for 
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pharmacodynamic biomarker evaluation, the CSF can be 
collected before and after the treatment with drugs targeting 
TDP-43 to evaluate whether the fast aggregation kinetics in 
pre-dose CSF returned to baseline levels to confirm efficient 
neutralization of seeding species. In addition, this assay 
might be valuable for diagnostics of other TDP-43 proteino-
pathies such as frontotemporal dementia, Alzheimer’s dis-
ease with TDP-43 pathology and limbic-predominant age- 
related TDP-43 encephalopathy, and future studies will ex-
plore this potential. Finally, additional studies will be re-
quired to evaluate longitudinal samples to determine the 
utility of this assay to monitor disease progression.

To further support the pharmacodynamic evaluation 
of passive immunotherapy using ACI-5891.9, a novel im-
munoassay was developed to quantify free TDP-43. This 
assay relied on the formation of stable immune complexes 
due to high affinity and low off-rate of the antibody for the 
target. This assay was used as a surrogate for binding to 
pathogenic TDP-43 as ACI-5891.9 binds to both physio-
logical and pathological TDP-43 with high affinity. Such 
assays using binding to physiological protein as a surro-
gate for target engagement have been used for other thera-
peutic mAbs, e.g. an anti-α-synuclein mAb.35,36 Indeed, 
this setup can be used in future clinical trials to evaluate 
target engagement of ACI-5891.9. The PK assessment of 
ACI-5891.9 in NHP demonstrated prolonged exposure re-
sulting in a robust target saturation in serum further con-
firming ACI-5891.9 potency in vivo. Interestingly, the 
level of TDP-43 quantified in NHP serum is very similar 
to that described for human plasma.32 Thus, a similar tar-
get saturation can be expected when conducting clinical 
studies.

In neurodegenerative disorders, CSF serves as a surrogate 
compartment for the CNS and mAbs have been demon-
strated to cross the BBB upon systemic administration in 
clinical studies. The antibody concentrations in CSF have 
been reported in the range of 0.1% as compared to levels 
in the plasma.37 In addition, the BBB integrity in ALS could 
further enhance the distribution of drugs in the CNS of ALS 
patients.38,39 As this therapeutic antibody targeting TDP-43 
may be the first in ALS clinical trial, this research has been 
focused on having assays that help determine the PK/PD re-
lationships in patients to help define the safe dose needed for 
larger Phase 2 and 3 trials. For ACI-5891.9, levels up to 
1000 ng/mL were attained in the CSF of NHPs at 48 h fol-
lowing single-dose administration at 40 mg/kg resulting in 
≍90% target saturation based on the IC90. Moreover, based 
on the serum levels and assuming 0.1% brain penetration for 
a mAb,37 levels up to 200 ng/mL would be predicted in CSF 
of NHPs even after 1 month following single administration 
at 40 mg/kg. This value would be expected to be even higher 
in humans considering the expected longer half-life for hu-
man IgG1 in humans as compared to NHPs.40 Recent exam-
ples of successful target engagement for mAbs targeting 
amyloid beta in Alzheimer’s disease prove that therapeutical-
ly relevant levels of mAb can be achieved in the CNS of 
patients.41

Antibody pharmacodynamics was confirmed in the SAA 
with the use of a specific mAb ACI-5891.9 that does not cross- 
react with other prion-like proteins28 such as β-amyloid, 
α-synuclein or tau implicated in neurodegeneration.42 As 
the co-pathology of these proteins is commonly found in neu-
rodegenerative diseases, their presence theoretically could 
influence the seeding observed in the SAA. However, this is 
not the case as seeding activity was neutralized in with 
ACI-5891.9, which is highly selective for TDP-43 and not 
cross-reactive to these or other proteins. These results re-
inforce the use of a TDP-43 mAb to prevent the propagation 
of pathology in ALS. Along those lines, ACI-5891 has been 
previously reported to mitigate TDP-43 aggregation and pro-
vide neuroprotection in in vitro and in vivo models of TDP-43 
proteinopathies without altering the intracellular functions 
of TDP-43.28 This study expands the understanding of the 
mode of action of the humanized version of ACI-5891 in 
the patient CNS compartment to capture and clear the seeding 
species. Importantly for translation, the assay setup closely 
recapitulates the situation in patients where the CSF will 
be exposed to ACI-5891.9 following systemic administration. 
The formation of immune-complexes with TDP-43 seeds 
would further potentiate their clearance by the potent mechan-
ism of Fc-gamma-mediated phagocytosis followed by degrad-
ation in microglia. Neuronal uptake, if any, would represent 
only a small fraction of the clearance mechanism.

To maximize the chances of capture, neutralization and 
clearance of all seeding-potent forms of TDP-43 including 
the C-terminal fragments found to be enriched in TDP-43 
aggregates found in patients,2 ACI-5891.9 targeting 
the C-terminal low complexity domain was essential. The 
intrinsic propensity of the C-terminal region of TDP-43 
to form higher-order assemblies allows the formation 
of physiological structures such as stress granules.43

However, in disease state, irreversible inter- and intra- 
molecular interactions could occur within this region 
giving rise to pathologic protein aggregates.43 Three 
independent studies42,44,45 have demonstrated that an im-
munotherapy approach could be beneficial to target 
TDP-43 in disease and that targeting the C-terminal region 
of TDP-43 would be essential to achieve efficacy.42,45 Even 
though a specific part of the C-terminal region (amino acids 
280–360) has been shown to represent the amyloid core 
of pathological TDP-43 aggregates in the brain of ALS pa-
tients,33,46 regions adjacent to this core have been demon-
strated to adopt β-sheet conformation.47 This was further 
demonstrated in this study by the ThT-positive fibrillar 
structure adopted by the assay substrate (amino acids 
350–414).

In conclusion, in addition to providing the field with an 
optimized SAA, this study provides evidence for extracellular 
seeding-competent disease-associated TDP-43 species in the 
CSF of patients with apparently sporadic ALS. The extensive 
work to determine saturating conditions both in vitro and 
in vivo for use of an immunotherapy approach with 
ACI-5891.9 can be used in support of clinical rational and 
dosing regimens for trials in patients with apparently 
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sporadic ALS. Furthermore, the SAA and target engagement 
assays can be used to help stratify and follow efficacy of 
disease-modifying therapies in patients.

Supplementary material
Supplementary material is available at Brain Communications 
online.
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