
Original Article

A single dose of a vectorized mAb targeting 

TDP-43 potently inhibits the neuropathology 

in a model of ALS/FTD
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Transactive response DNA binding protein-43 (TDP-43)- 
mediated pathology is a hallmark of devastating neurodegen
erative diseases, including amyotrophic lateral sclerosis (ALS) 
and frontotemporal dementia (FTD). Thus, monoclonal anti
bodies (mAbs) are being developed to target the pathological 
forms of this protein. To improve mAb exposure within the 
central nervous system, a potent anti-TDP-43 mAb, ACI- 
5891, was generated as a vectorized full-length antibody 
(vmAb) and evaluated for brain delivery using adeno-associ
ated virus 9 (AAV9). Among the expression cassettes explored, 
the selected construct utilized an internal ribosome entry site 
(IRES), which produced high expression yields in vitro 
(>200 mg/L) with comparable quality, binding, and functional 
properties to the conventionally produced mAb. A single in
tracisternal administration of vmAb ACI-5891 demonstrated 
a broad brain distribution and sustained expression (i.e., 
months) in the serum, cerebrospinal fluid, and brain of 
mice. In a mouse model of ALS/FTD, treatment with a 
vmAb reduced the amount of pathological phospho-TDP-43 
in neurons by 58% and 68% when expressed using either a 
ubiquitous promoter or a brain-selective promoter, respec
tively. This innovative approach sufficiently delivers effective 
immunotherapy with a single dose and illustrates the enor
mous potential of using vectorized antibodies to target neuro
pathology, including TDP-43 in patients suffering from ALS, 
FTD, and other TDP-43 proteinopathies.

INTRODUCTION

Transactive response DNA binding protein-43 (TDP-43) plays an 
important homeostatic role in RNA processing and gene regulation 
within the cell nucleus and cytoplasm.1 Abnormal accumulation of 
ubiquitinated and phosphorylated TDP-43 in the cytoplasm of neu
rons and glial cells was identified as a pathological hallmark of 
amyotrophic lateral sclerosis (ALS), frontotemporal dementia 
(FTD), and LATE (limbic-predominant age-related TDP-43 en
cephalopathy).2–5 TDP-43-associated pathology occurs in 97% of 
ALS cases and approximately half of FTD cases, driving the 
growing interest to use TDP-43 as a drug target.6,7 Moreover, path

ological TDP-43 has been observed in neurodegenerative diseases 
such as Alzheimer’s (AD), Parkinson’s (PD) and Huntington’s dis
ease (HD).8,9 Extracellular prion-like spreading may occur with 
pathological TDP-43 in a seed-dependent and self-templating 
manner.10 It involves the release of TDP-43 aggregates from 
affected neurons, uptake by neighboring cells, and the subsequent 
propagation of pathology across different brain regions.11 To 
date, the available treatments for ALS are limited to managing 
symptoms.12 Disease-modifying drugs, such as tofersen, are an 
important step forward but only indicated for patients with super
oxide dismutase 1 (SOD1) mutations, a small subset of all ALS 
cases.13 Thus, immunotherapies targeting extracellular TDP-43 
are a viable therapeutic approach to offer clinical benefits to pa
tients suffering from TDP-43 proteinopathies including ALS and 
frontotemporal lobar degeneration with TDP-43-immunoreactive 
pathology (FTLD-TDP).

We recently demonstrated that targeting pathological TDP-43, by 
administering the monoclonal antibody (mAb) ACI-5891, weekly 
over 3 months, resulted in significant inhibition of neuropathology, 
conferring neuroprotection in two different mouse models of ALS/ 
FTD.14 While successful, to obtain effective drug exposure in the 
brain to neutralize the extracellular target within the CNS required 
both frequent injections and high doses of the mAb ACI-5891. Build
ing on this proof of mechanism data, achieving the same or better 
exposure and efficacy with a single-dose administration would 
significantly improve the clinical management and quality of life 
with such diseases. Thus, we set out to develop a delivery system 
to administer a full-length antibody format in conjunction with ad
eno-associated virus (AAV) vector.

For this, a significant challenge is to vectorize a full-length antibody 
gene (i.e., vmAb), within an AAV expression cassette that is limited 
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to 4,700 bp as a single-strand DNA (ssDNA) while still maintaining 
the quality of the expressed antibody.15 To address this need, 
the antibody genes were incorporated into various mono- and bicis

tronic expression cassettes. Next, the orientation of the light versus 
heavy chains (HCs) in the vector was also explored in order to reach 
comparable expression levels to the gold standard cassette design (i. 
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Figure 1. Characteristics of mAbs and scFv-Fc produced in mammalian cells 

(A) Expression titer of ACI-5891 mAbs and scFv-Fc in CHO cell supernatant 12 days following transfection. Antibody quantification is performed by bio-layer interferometry (BLI) 

with protein A-coated biosensors. Antibody expression is driven by the cytomegalovirus (CMV) promoter. In the case of constructions with two promoters, the light chain (LC) is 

controlled by CMV and heavy chain (HC) by SV40 promoter. Construction designs are illustrated in Figure S1. Ref mAb represents the anti-TDP-43 mouse IgG2a ACI-5891 

produced conventionally using two independent plasmids. Other conditions refer to mAb ACI-5891 produced using a ubiquitous expression cassette using furin/2A self-cleaving 

peptide (F2A), two promoters (Dual P), or an internal ribosome entry site (IRES). ScFv-Fc refers to the variable fragments of ACI-5891 fused to mouse IgG2a Fc domain. Data are 

shown as mean (SD); ordinary one-way ANOVA followed by a Tukey’s test for multiple comparisons, reported as **p ≤ 0.0024 and ****p < 0.0001. (B) SDS-PAGE 4%–12% 

separation of 1 μg purified antibodies under non-reducing or reducing conditions (5 mM dithiothreitol, DTT) followed by Coomassie blue staining. Dotted lines highlight the 

expected molecular weight for LC (∼25 kDa) and HC (∼50 kDa) using Ref mAb as standard. (C) SDS-PAGE separation of anti-TDP-43 scFv-Fc under same conditions. (D) Size 

exclusion chromatography analysis of purified full-length IgG and scFv-Fc using Superdex 200 Increase 10/300GL column. Separations were performed in PBS buffer at 4◦C. The 

fraction of monomeric protein was calculated as the ratio of the monomer peak area to the total area of the chromatogram, as measured by UV absorbance at 280 nm.
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Figure 2. Characterization of binding properties and aggregation inhibition of ACI-5891 mAbs 

(A) Surface plasmon resonance (SPR) analysis of reference mAb ACI-5891 (mouse IgG2a) produced using conventional two-plasmid expression (blue sensorgram, left panel) 

compared to the IRES-linked light and heavy chain (LC/HC) ACI-5891 produced using a bicistronic construct (red sensorgram, right panel). Binding affinities are measured 

against the immobilized full-length soluble human TDP-43. The lower panel table compiles mean kinetic constants derived from sensorgrams fitted with 1:1 Langmuir model 

(black curves, n = 2). (B) TDP-43 de novo aggregation upon cleavage of MBP tag by specific tobacco etch virus (TEV) was analyzed in the presence of isotype control mAb, 

Ref mAb ACI-5891, or IRES_IgG2a mAb. The inhibition of aggregation was measured by absorbance (OD600nm, y axis) at 24 h post-MBP cleavage, at room temperature. 

The mouse-derived sequence of trastuzumab was used as isotype control. Data are shown as mean (SD) of two independent experiments (n = 2), performed in technical 

triplicates. Unpaired t tests with a Welch’s correction for the comparison with isotype control reported as **p ≤ 0.01, *p ≤ 0.05. (C) Immunostaining of pathological 

postmortem human brain from FTLD-TDP type A case. The three rows represent staining with the reference anti-TDP-43 mAb mIgG2a ACI-5891 (Ref mAb, top row), the 

(legend continued on next page) 
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e., 2A self-cleavage peptides).16–18 Together, the optimal internal 
ribosome entry site (IRES) approach was identified, providing 
vmAbs with comparable quality, binding, and functional properties 
to the original parental mAb produced by classical methodology and 
superiority over 2A-based designs.

In vivo, a single intracisternal injection of the vectorized full-length 
antibody produced sustained vmAb expression in the serum, cere
brospinal fluid (CSF), and brain of mice for over 4 months. Further
more, this single administration resulted in the significant reduction 
of pathological TDP-43 in a mouse model of ALS/FTD as reported 
for the parental mAb.14 Thus, the present report is the first to 
show efficacy of a vectorized full-length antibody targeting TDP-43 
that inhibits the neuropathology in a model of human neurodegen
erative disease. Such innovative approaches are desperately needed 
to address these devastating diseases that impose a high burden of 
emotional and financial costs on families and society.

RESULTS

Generation of a high-quality anti-TDP-43 full-length antibody 

using bicistronic plasmids

The selection criteria chosen to identify the best expression cassette 
design for AAV delivery was based on antibody quality attributes 
including protein titers, propensity to aggregate, monomeric content, 
and binding affinity to target protein. The benchmark anti-human 
TDP-43 mAb, ACI-5891 (Ref mAb), a mouse IgG2a, was convention
ally produced in Chinese hamster ovary (CHO) cells, using 2 different 
plasmids, one expressing the light chain (LC) and the second express
ing the heavy chain (HC) (Figure S1A). Using the same ACI-5891 
sequence, a panel of bicistronic cassettes were generated involving a 
furin/2A self-cleavage peptide (F2A), two promoters (Dual P), or an 
IRES sequence. Two versions of each bicistronic expression cassette 
were created by inverting the HC and LC (Figure S1B). A monocis
tronic gene coding for a scFv-Fc (single-chain variable fragment fused 
to Fc domain) variant of ACI-5891 was produced as an additional con
trol for expression and quality (Figure S1C). These expression cas
settes were generated using a plasmid suitable for AAV production, 
and the corresponding antibodies were produced in a CHO mamma
lian cell line using transient transfection.

Antibody titers were quantified in the supernatant of CHO cells 12 days 
after transfection (Figure 1A). The expression of the conventionally 
produced anti-TDP-43 reference mAb ACI-5891 yielded 316 mg/L. 
For a particular bicistronic construct pair, positioning the LC gene 
before the HC consistently resulted in higher antibody expression. 
F2A and IRES (LC/HC) designs produced similar antibody levels, 
while the dual promoter strategies and monocistronic scFv-Fc 
construct yielded lower antibody levels (<100 mg/L). The most signif

icant difference within a pair was observed in the IRES-containing cas
settes, with IRES-LC/HC yielding more than 200 mg/L, compared to 
10 mg/L for IRES-HC/LC, representing a 20-fold increase in antibody 
production. Since the HC of an antibody cannot be folded and exported 
without the LC, these results are expected when using an IRES 
sequence, as the downstream gene is expressed at lower levels (i.e., 
30%–50%) compared to the upstream gene.19,20

Next, molecular weights (MWs) of the purified anti-TDP-43 ACI- 
5891 mAbs (Figure 1B) and scFv-Fc version (Figure 1C) were 
analyzed by SDS-PAGE. Non-reducing conditions confirmed forma
tion of interchain disulfide bonds for all mAbs, while reducing con
ditions demonstrated a difference between the expression cassettes 
evaluated. The dual promoters and IRES-based constructs displayed 
expected MWs for the HC and LC, similar to the reference mAb. 
However, the F2A approach generated mAbs with shifted MW pro
files for both the HCs and LCs (black arrows, Figure 1B). This result 
suggests suboptimal proteolytic cleavage during antibody secretion, 
leading to the retention of additional amino acids upstream of the 
cleavage site. Indeed, remaining amino acids from furin/2A se
quences were observed by liquid chromatography with tandem 
mass spectrometry (LC-MS/MS) using a control mAb (Figure S2; 
Table S1).

To monitor antibody degradation and aggregate levels, size exclusion 
chromatography (SEC) was used. As shown in Figure 1D, the refer
ence mAb was well folded, with a 96% monomeric immunoglobulin 
G (IgG) content eluting at 12 mL under these conditions, as ex
pected. In contrast, antibodies produced using the F2A cassette 
had substantial aggregate levels, with monomeric IgG representing 
∼74% for the F2A-LC/HC construct and ∼62% for F2A-HC/LC. 
Interestingly, the monomeric peak of the furin/2A cassette, expected 
between 11 and 13.5 mL, displayed a lower retention time compared 
the reference and other mAbs, correlating with the SDS-PAGE and 
LC-MS/MS data. Antibody produced with the dual promoters had 
a lower aggregate level compared to F2A constructs but yielded a 
lower quality than the Ref mAb, with a monomeric content below 
the 95% purity cutoff. Antibody produced using the IRES-LC/HC 
expression cassette displayed a high-quality profile with 98% mono
meric mAb and no aggregation. The known poor stability of scFv-Fc 
constructs was confirmed,21 with only 40% monomeric species and 
considerable levels of aggregates. Due to the low antibody titers ob
tained using the IRES-HC/LC construct, the purified quantity was 
not sufficient to be analyzed by SEC. To confirm the robustness of 
the IRES strategy, the sequence of a marketed mAb, trastuzumab, 
was also produced using the IRES approach and provided compara
ble results, achieving 97% of monomeric IgG (Figure S3). Taken 
together, antibodies produced by the IRES-LC/HC bicistronic 

ACI-5891 mAb produced with IRES-mIgG2a expression cassette (middle row), and no primary mAbs (Neg control, bottom row). DAPI is used to localize cell nuclei (blue), and 

phosphorylated TDP-43 (i.e., pathological TDP-43) is detected by anti-pS409/410 antibody + secondary A633 (Red). ACI-5891 mAbs bind to TDP-43 and are detected using 

secondary anti-mouse A488 (green, third column). The merge column (far right) combines all signals. Physiological and pathological forms of TDP-43 labeled with ACI-5891 

mAbs are indicated with white and red arrows, respectively. White scale bar on bottom left of images represents 20 μm.

www.moleculartherapy.org 

Molecular Therapy Vol. 33 No 9 September 2025 4363 



cassette demonstrated the best expression and quality and were 
therefore further characterized.

ACI-5891 produced by the IRES expression cassette retains 

binding and functional properties

Having selected the IRES-LC/HC cassette, both the mouse IgG2a 
(IRES_mIgG2a) and a human IgG1 chimeric (IRES_hIgG1) version 
of ACI-5891 mAb were generated. Since mouse IgG2a is structurally 
and functionally the closest equivalent to human IgG1 and is immu
notolerant, it is the preferred subclass for preclinical mouse models 
when effector function is required. Conversely, human IgG1 is partic
ularly advantageous for easier detection in mice, during short-time ex
posures (2–4 weeks). Both antibody versions were characterized 
in vitro before in vivo studies. Using surface plasmon resonance 
(SPR), binding kinetics of the IRES_mIgG2a for soluble recombinant 
human TDP-43 demonstrated a KD comparable to the Ref mAb with 
measured affinities of 90 and 92 pM, respectively (Figure 2A). Similar 
results were obtained for the chimeric Ref mAb-hIgG1 and the anti
body produced with IRES_hIgG1 expression cassette, with a compara
ble KD of 87 and 92 pM, respectively (Figure S4A).

Then, to assess the inhibition of TDP-43 aggregation by the ACI-5891 
mAb, de novo aggregates of human TDP-43 were induced in the pres
ence of the antibody. An isotype control mAb (i.e., not interfering with 
aggregation) was used to establish the baseline, representing 100% ag
gregation level (Figure 2B). The Ref mAb and IRES_mIgG2a demon
strated strong inhibition of TDP-43 aggregation, by reducing the for
mation of de novo aggregates by 87% for both versions of ACI-5891 
(Figure 2B). The full aggregation kinetics did not show any differences 
between the Ref mAb, the IRES_mIgG2a, and the no-aggregation con
trol condition (i.e., without tobacco etch virus [TEV] protease cleav
age, Figures S5A and S5B).

Finally, target engagement of IRES_mIgG2a was analyzed by immu
nofluorescence (IF) on brain sections prepared postmortem from pa
tients with FTLD-TDP. For localization of nuclei and to identify 
phosphorylated TDP-43 (pTDP-43) inclusions, sections were labeled 
with DAPI and an anti-phospho-TDP-43 mAb (anti-pTDP-43 S409/ 
410), respectively (Figure 2C). To establish the level of background, 
panels are included representing incubation with the secondary anti
body alone (i.e., Neg control; Figure 2C). Incubation with the Ref 
mAb ACI-5891 and IRES_mIgG2a provides comparable labeling 
of both pathological (red arrows) and physiological (white arrows) 
forms of TDP-43, as expected.14 Similar labeling pattern were ob
tained using the chimeric human IRES_hIgG1 construction 
(Figure S4B). Taken together, the anti-TDP-43 ACI-5891 mAb, pro
duced using the bicistronic IRES-LC/HC expression cassette, pro
vided binding and functional properties comparable to the original, 
conventionally produced recombinant mAb.

Promoters regulate expression of the vectorized ACI-5891 

antibody, post-transduction of rat primary cortical cultures

Given the desired quality of the antibody produced using the IRES- 
LC/HC expression cassette, the construct was selected to generate 

single-stranded DNA adeno-associated viruses (ssDNA AAVs), for 
in vitro and in vivo delivery. The vectorized version of ACI-5891 
(i.e., mAb genes in AAV9) was used to transduce CHO cells, and 
the expressed antibody (vmAb) was subsequently purified to assess 
quality. The profile obtained for the vmAb (produced using AAV) 
was identical to the mAb produced only using the plasmid (used 
in Figures 1 and 2), exhibiting expected MWs and a high monomeric 
content (>98%; Figure S6).

Next, to assess the expression titer and binding capability (i.e., target 
engagement) of the secreted vmAbs under more physiological con
ditions, primary cortical cultures from rat brains were transduced 
with AAV2 and AAV9 encoding the hIgG1 ACI-5891, driven by 
the ubiquitous CMV (cytomegalovirus) promoter (Figure 3A). The 
choice of these two serotypes was considered based on their safe 
and broad clinical application, providing natural transduction capa
bilities to brain endothelial cells or cells from CNS, respectively.22–27

The vmAbs were quantified in primary cells supernatant 7 days post- 
transduction, using an antigen ELISA (TDP-43-coated plates) to 
assess retained target affinity. The primary cells transduced with 
AAV9 produced significantly higher vmAbs titers (400 μg/L) 
compared to AAV2 (4 μg/L, Figure 3A). Hence, AAV9 was chosen 
for further development.

As neurons and motor neurons are impaired in patients with ALS or 
FTD, our strategy aims to deliver the mAb transgene predominantly 
in glial cells, which may be suitable to high secretion level,28 and will 
serve as in vivo antibody factory in the brain. Previous studies have 
shown that AAV containing the CMV promoter produced strong 
expression in glial cells as compared to neurons.29,30 To provide op
tions as to which cell type to be transduced in vivo, and potentially 
achieving selectivity of production, two ubiquitous promoters, 
CMV and CBh,31 and two glial cell selective promoters, OLIG2 
and GFAP,32,33 were evaluated using AAV9 vector. To enhance 
vmAb expression, the CMV enhancer (CMVe) was subcloned up
stream of the OLIG2 and GFAP promoters, creating eOLIG2 
and eGFAP promoters, respectively. Both the mouse IgG2a 
(AAV9_mIgG2a) and human IgG1 chimeric (AAV9_hIgG1) ver
sions of the anti-TDP-43 ACI-5891 vmAb were evaluated for expres
sion. Similar results were observed for either the mouse or human 
vmAbs (Figures 3B and 3C, respectively). The CMV promoter 
yielded the lowest vmAb titer, with 70 μg/L after 7 days for the 
two vmAb versions. The eOLIG2 and eGFAP promoters improved 
the vmAb titer by 3-fold compared to the CMV promoter while 
the CBh promoter provided a 6-fold improvement, resulting in a 
yield over 400 μg/L vmAb from the primary cell co-culture.

To determine which cell type from the co-culture was producing the 
vmAb, immunolabeling was performed using an anti-mouse IgG2a 
antibody (to detect the mIgG2a ACI-5891 vmAb), anti-MAP2 for 
neurons, and anti-GFAP for astrocytes (Figure 3D). The CBh pro
moter appeared to produce the strongest signal when comparing 
the intensity of the anti-mouse IgG2a labeling, similar to the titers 
quantified in the supernatant of the co-cultures, described in 
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Figure 3. Characterization of vectorized ACI-5891 expression in rat primary cortical cultures 

(A) Human IgG1 vmAb titers quantified in supernatant of rat primary cortical cultures (40K cells/well), 7 days post-AAV transduction with 100K as multiplicity of infection (MOI). 

Expression of vmAb is driven by CMV promoter for either AAV2 or AAV9. The vmAbs are quantified in cell supernatant using a TDP-43 ELISA. Data are shown as mean (SD); 

ordinary one-way ANOVA followed by a Dunnett’s T3 test for multiple comparisons as ***p ≤ 0.003 and ****p < 0.0001. (B) Mouse IgG2a and (C) human ACI-5891 IgG1 vmAb 

titers quantified in supernatant of rat primary cortical cultures (40K cells/well) using a human TDP-43 ELISA after 7 days post-transduction using AAV9 (MOI: 100K). 

Expression of vmAb is driven by different promoters, such as CMV, eOLIG2, eGFAP, and CBh. Data are shown as mean (SD); ordinary one-way ANOVA followed by a 

Dunnett’s T3 test for multiple comparisons, reported as *p ≤ 0.0486, ***p ≤ 0.0009, and ****p < 0.0001. (D) Immunolabeled rat brain primary cells expressing mIgG2a vmAb 

after transduction with AAV9 using CMV, eOLIG2, eGFAP and CBh promoters. Cells were labeled with the following antibodies: anti-mouse IgG2a (white), to detect ACI-5891 

vmAb expression; anti-MAP2 (green), to identify neuronal cells; and anti-GFAP (red), to identify astrocytes. The co-localization of the white signal with red indicates vmAb 

expression by astrocytes (yellow arrowhead). Co-localization of the white signal with green indicates vmAb expression by neurons (red arrowhead). To visualize cell nuclei, 

cells were stained with DAPI dye (blue). Scale bar, 100 μm.
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Figures 3B or 3C. As expected, the CMV, CBh, and eGFAP pro
moters resulted in robust vmAb expression by astrocytes 
(Figure 3D, merge panel, yellow arrowheads). Surprisingly, the eO
LIG2 promoter similarly resulted in robust astrocytic-selective 
vmAb expression (merge, yellow arrowheads) but, similar to the 
CBh promoter, did induce some expression in neurons as well 
(merge, red arrowheads).

In summary, a controlled and astrocyte-targeted expression of 
mouse and human AAV9-delivered ACI-5891 vmAb was achieved. 
The ubiquitous CBh and astrocyte-selective eGFAP promoters pro
vided the highest vmAb expression by glial cells in vitro.

AAV9-mediated vmAb expression drives sustained functional 

antibody titers in serum, CSF, and brain of mice

To evaluate in vivo expression of the vmAb, female C57BL/6 mice 
were intracisternally (i.c.m.) administered a single dose of 4 × 1012 

vg/kg (∼1 × 1011 vg) AAV9-mIgG2a or AAV9-hIgG1, encoding 
the mouse or human anti-TDP-43 ACI-5891 antibody, respectively 

(Figure 4A). To investigate comparability with the in vitro results, 
each version was generated using the CMV, eOLIG2, eGFAP, or 
CBh promoter. VmAb expression was evaluated in serum and 
CSF at 28 days post-administration, using a TDP-43-based 
ELISA. In serum, comparable vmAb titers were observed for the 
mouse and human versions for a given promoter (Figure 4B). 
The CMV promoter yielded the lowest titers, with less than 
5 μg/mL vmAbs detected at 28 days in serum. The eOLIG2 pro
moter yielded 17 and 26 μg/mL, and the eGFAP promoter yielded 
41 and 24 μg/mL for the mouse and human vmAb version, respec
tively. Similar to the results observed using rat primary cortical cul
tures, the CBh promoter produced significantly higher vmAb titers 
compared to other promoters, achieving 95 μg/mL (mIgG2a) and 
68 μg/mL (hIgG1) in serum.

In CSF (Figure 4C), a similar ranking was observed. Both the eGFAP 
and CBh promoters yielded a high vmAb expression reaching over 
100 ng/mL, 28 days following a single intracisternal AAV adminis
tration. The difference for the eOLIG2 promoter for the mouse 
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Figure 4. AAV9-mediated vmAb expression in vivo 

(A) Schematic representation of the in vivo study design. Female C57BL/6 WT mice were intracisternally (i.c.m.) administered a single dose of 4 × 1012 vg/kg (i.e., ∼1 × 1011 

vg) AAV9-mIgG2a or AAV9-hIgG1, encoding the mouse or human ACI-5891 IgG, respectively (vmAbs). Each AAV was generated using the CMV, eOLIG2, eGFAP, or CBh 

promoter. Intracisternal injection was performed at day 0. Serum and CSF were collected at terminal time point (28 days). (B) vmAb levels in serum and (C) in CSF of C57BL/6 

WT female mice, at 28 days post-single dose administration of AAV9-mIgG2a (orange) or AAV9-hIgG1 (red). vmAbs were measured using a TDP-43-based ELISA to assess 

retained target engagement (μg/mL for serum and ng/mL for CSF, y axis). Data are shown as mean (SD); ordinary two-way ANOVA followed by a Tukey’s test for multiple 

comparisons, reported as *p ≤ 0.484, **p ≤ 0.033, and ****p < 0.0001. (D) Schematic representation of the in vivo study design. Male and female C57BL/6 WT mice received 

a single intracerebroventricular (i.c.v.) dose of 4 × 1012vg/kg (i.e., ∼1 × 1011 vg) AAV9-hIgG1, encoding the human ACI-5891 vmAb. AAV9-hIgG1 was generated using the 

CBh promoter. AAV administration was performed at day 0. Serum and CSF were collected at terminal time point (28 days). (E) vmAb levels in serum and (F) in CSF of male 

and female C57BL/6 WT mice. VmAbs levels are displayed in orange and blue circles for female and male, respectively. VmAbs were measured using a TDP-43-based ELISA 

(μg/mL for serum and ng/mL for CSF, y axis). Data are shown as mean (SD); unpaired t test was used for statistical analysis and reported as ***p ≤ 0.0005.
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IgG (16 ng/mL) versus the human IgG (90 ng/mL) was not signifi
cant and thus considered within the variability of the method. As 
similar high expression titers were obtained in vitro and in vivo, 
the CBh promoter was selected for further investigation.

To evaluate the influence of sex on vmAb expression,34–37 a small 
study was conducted. A single intracerebroventricular (i.c.v.) dose 
of AAV9-hIgG1 (4 × 1012 vg/kg) was administered to both male 
and female mice (Figure 4D). Similar to the data obtained using in
tracisternal AAV delivery (Figures 4B and 4C), the hIgG1 vmAb ti
ters in females reached 68 μg/mL in serum and 80 ng/mL in CSF 
(Figures 4E and 4F). Strikingly, the vmAb titers in males were five 
times higher compared to females, with 350 μg/mL in serum and 
392 ng/mL in CSF. Consistent with previous findings,35 AAV9- 
mediated liver transduction and transgene expression were signifi
cantly higher in male mice than in females. A 12-fold increase in 
delivered DNA and a 7-fold higher mRNA level of vmAb ACI- 
5891 were measured in male liver samples compared to females 
(Figure S7). These data informed the design of the next studies to 
include and potentially keep separated the data for the two sexes.

To further evaluate antibody exposure levels and kinetics, a study was 
carried out comparing AAV9-mediated vmAb expression versus a 
standard passive immunotherapy approach. The mAb-hIgG1 was 
administered systemically to model a clinically relevant delivery 
approach for CNS-targeting therapies, while AAV was delivered within 
the CSF to improved CNS exposure, as systemic AAV9 administration 
often results in limited brain penetration. ACI-5891 hIgG1 levels were 
measured at different time points after either a single intraperitoneal 
(i.p.) bolus injection of the Ref mAb (60 mg/kg) or a single intra- 
CSF (i.c.m. or i.c.v.) administration of AAV9-CBh-hIgG1 at 4 × 1012 

vg/kg producing the vmAb (Figure 5A). mAbs and vmAbs in serum 
and CSF were quantified using an anti-TDP-43 ELISA, ensuring effec
tive target engagement. Additionally, the binding properties of the 
in vivo-produced vmAb ACI-5891 were compared to CHO-expressed 
Ref mAb. Indeed, the in vivo-produced vmAb demonstrated same af
finity to hTDP-43 (human TDP-43) as compared to the recombinantly 
produced mAb (Figure S8). Following the i.p. bolus injection, the mAb 
reached a Cmax of 431 μg/mL in serum at 24 h (Figure 5B). As ex
pected, mAb levels in serum cleared over time, reaching 5 μg/mL at 
day 28. In contrast, AAV9-mediated ACI-5891 vmAb exhibited an 
increasing (0–12 days) and sustained (12–28 days) expression over 
the 28-day period, with up to 350 μg/mL vmAb measured at the termi
nal time point for males. VmAb titers were significantly higher in males 
than in females, but no significant difference was observed between 
the intracisternal and i.c.v. route of administration evaluated, with 
both averaging 80 μg/mL vmAb at 28 days in female. To ensure 
accurate comparison between the different pharmacokinetic profiles 
of the two approaches (mAb vs. AAV-delivered vmAb), total serum 
exposure was measured as the area under the curve (AUC) over the 
28 days period. The high dose of Ref mAb (60 mg/kg) reached an 
AUC of 1,281 μg⋅mL− 1⋅day, whereas the AAV approach achieved 
6,395 μg⋅mL− 1⋅day vmAbs in males. (Table 1). AAV9-mediated 
vmAb resulted in up to 5-fold higher serum exposure compared to 

the high-dose passive immunotherapy approach. In females, compara
ble exposure levels were observed for AAV approach vs. bolus mAb 
administration, regardless of the administration route (i.c.m. or 
i.c.v.). Since AAV approach is known to provide sustained transgene 
expression over time,38 and the CSF was only collected at the terminal 
time point for the AAV groups (Table S2), an extrapolated monthly 
exposure was calculated assuming continuous expression based on 
the Cmax measured at day 28 (Table S3). Assuming a sustained expres
sion, AAV-delivered vmAb is expected to provide 2-to 7-fold higher 
monthly exposure in biofluids compared to a high-dose (60 mg/kg) 
mAb treatment (Table S3).

Next, to assess the location of vmAb versus mAb in various brain 
compartments, tissues were collected at Cmax (day 1 for mAb and 
study termination for vmAbs), processed for immunohistochemistry 
(IHC), and incubated with an anti-human IgG detection antibody 
(Figure 5C). At the Cmax serum concentration, i.e., 24 h after i.p. 
administration, the mAb localized in blood capillaries (Ref mAb; 
Figures 5C and S9) and not within the brain parenchyma, in line 
with poor penetration across the blood-brain barrier.39,40 At 
28 days post-administration, and consistent with the serum expo
sure, no mAb was observed throughout the brain sections (data 
not shown). In contrast, at the peak serum concentration of vmAb 
(28 days post-administration), striking labeling was observed within 
cells of the brain parenchyma, with robust expression near the 
ventricle following i.c.v. administration and within the cerebellum 
following i.c.m. injection (Figure 5C). Notably, diffuse staining in 
both AAV-treated mouse cohorts demonstrated broad vmAb distri
bution throughout the brain. Importantly, the nuclei of the express
ing cells appeared white (Figure 5C, white arrows), indicating no nu
clear accumulation of vmAb, where the endogenous TDP-43 is 
predominantly present. This observation suggests that vmAbs are 
restricted to organelles involved in the secretion pathway, as ex
pected. Additionally, an independent in vitro experiment confirmed 
that the treatment of human-derived SH-SY5Y cells with AAV9- 
CBh-ACI-5891 did not alter the generation of relevant splicing var
iants, thus validating the integrity of TDP-43 functions in producing 
cells (Figure S10). In contrast, reduction of TDP-43 levels using a 
TDP-43-specific short hairpin RNA (shRNA) as control triggered 
mis-splicing of STMN2 and POLDIP3v2 RNA targets (Figure S10). 
Taken together, these data demonstrated that the AAV9-mediated 
vmAb drives safe and sustained expression of functional antibody 
in adult mice, with local expression in the brain, offering a promising 
alternative to traditional passive immunotherapy.

A single dose of AAV9-delivered ACI-5891 vmAb potently inhibits 

the neuropathology induced by patient brain-derived TDP-43 

seeds in mouse model

As the mAb, ACI-5891, has been previously reported to inhibit TDP- 
43-mediated neuropathology,14 the AAV9-delivered vmAb was 
investigated using the same model of human pathology (CamKIIa- 
hTDP-43NLSm mice).41 Following doxycycline removal to induce 
the hTDP-43NLSm expression, the AAV9-ACI-5891-mIgG2a- 
treated mice (mixed-sex cohorts) were stereotactically injected 
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Figure 5. Exposure and localization of ACI-5891 as a mAb versus a vmAb post-administration to mice 

(A) Schematic representation of the in vivo study design to assess exposure and localization of mAb and vmAb over 28 days. Female and male C57BL/6 mice were 

administered a single dose of the reference ACI-5891 hIgG1 mAb (Ref mAb) or AAV9-CBh-hIgG1 (encoding for ACI-5891 vmAb). Female C57BL/6 mice (N = 15) received a 

bolus mAb intraperitoneal administration (i.p., 60 mg/kg) at day 0. The serum was collected at 0.04, 0.17, 0.33, 0.6, 1, 3, 7, 10, 17, 22, and 28 days. The mice (N = 15) were 

grouped in sub-cohorts (N = 3) to allow staggered serum, CSF, and tissue collections. In the AAV groups, female C57BL/6 mice (N = 6) and male (N = 3) received a single 

intracerebroventricular (i.c.v.) or intracisternal (i.c.m.) dose of AAV9-CBh-hIgG1 (4 × 1012 vg/kg), encoding the human vmAb ACI-5891. Sera were collected on days − 1, 12, 

and 28, while cerebrospinal fluid and brain samples were collected at the study’s end (28 days). (B) Levels of Ref mAb ACI-5891 (green) and vmAbs (orange for females and 

blue for males) in sera over the 28-day period indicate drug exposure. For females, vmAb levels are shown in light orange for intracisternal and dark orange for intra

cerebroventricular administration. Both mAb and vmAb levels were quantified in sera using a TDP-43-based ELISA. Data are shown as mean (SD); ordinary two-way ANOVA 

followed by a Tukey’s test for multiple comparisons, reported as **p ≤ 0.084. (C) Sagittal brain sections were immunolabeled with anti-hIgG1-HRP for localization of the mAb 

or vmAb. Representative images, including magnifications of the cerebellum, hippocampus, and cortex, are provided from mice that were injected with vehicle (i.c.v.)—AAV9 

encoding an irrelevant mouse vmAb (top panels); Ref mAb (i.p.)—conventionally CHO-produced reference hIgG1 mAb ACI-5891 administered intraperitoneally, brain 

collected at the Cmax of serum levels (i.e., 24 h; 2nd panels); and AAV9-hIgG1 administered i.c.v. and i.c.m.—encoding ACI-5891 vmAb, brains collected at study 

termination, at the Cmax of vmAb expression (two bottom’s panels). White arrows highlight no nuclear accumulation of vmAb, where the endogenous TDP-43 is pre

dominantly present. Red scale bar, 2,000 μm; black scale bar, 100 μm.
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with human FTLD-TDP brain extracts in the hippocampus to 
initiate the pathology (i.e., phosphorylated TDP-43 or pTDP-43, 
Figure 6A). As the study lasted 4 months, the mouse version of the 
vmAb was used to avoid inducing unwanted immune responses (i. 
e., anti-drug antibodies, ADAs). The ubiquitous CBh promoter 
and the astrocyte-selective eGFAP promoter were both assessed to 
determine the optimal in vivo therapeutic paradigm. Here, a single 
intracisternal administration was selected due to its safety, tolera
bility, and extensive evaluation in clinical trials.42,43 i.c.v. administra
tion was also avoided to minimize efficacy bias resulting from vmAb 
expression near the FTLD-TDP brain extract injection site within the 
hippocampus. To assess potential neuroinflammation following 
AAV administration, we analyzed the microglial marker Iba1 
in the hippocampus and cortex. Four months post-AAV administra
tion, no significant differences in Iba1 signal were observed 
between non-injected controls, vehicle-treated mice, and AAV9- 
treated groups, indicating an absence of microglial activation 
(Figures S11A–S11C). These findings support the tolerability and 
favorable safety profile of our approach. VmAb titers were measured 
in serum and CSF at 4 months post-single-intracisternal administra
tion (Figures 6B and 6C, respectively), confirming sustained expres
sion in both sexes. Both the CBh and eGFAP promoters yielded sig
nificant vmAb serum titers at 4 months, ranging from 26 to 
490 μg/mL (mean of 200 μg/mL; Figure 6B). For the vmAb titers 
in CSF, AAV9-CBh versus AAV9-eGFAP ranged from 63 to 
504 ng/mL and 35 to 1,214 ng/mL, respectively. The mean value re
ported for both sexes are 200 ng/mL for AAV9-CBh and 400 ng/mL 
for AAV9-eGFAP (Figure 6C). As expected, when separating the 
data based on sex, males consistently had higher serum and CSF ti
ters compared to females (Figure S12), contributing to the variability 
of the vmAb expression observed in Figures 6B and 6C.

In terms of pathology, significant pTDP-43 accumulation was 
observed in the ipsilateral hippocampus of vehicle control-treated 
mice (vehicle) compared to non-FTLD-TDP inoculated mice (no ex
tracts, Figure 6D), consistent with previous report of rare pTDP-43 
inclusions.44 For the two AAV-treated mice cohorts, significant 
reduction of pTDP-43 signals was observed (AAV9-CBh and eGFAP 
panels, Figure 6D). To ensure that the reduction in pTDP-43 signal 
was not mistakenly attributed to neurodegeneration (i.e., death of 
neurons leading to lower levels of pathological TDP-43), pTDP-43 

levels were normalized to the staining density of neuronal nuclear 
protein (NeuN) neuronal marker across all animals evaluated. No 
significant differences in NeuN count density were observed between 
the no-extract, non-treated, and treated groups (Figures S13A and 
S14B). In this study, a single dose of AAV9-mediated vmAbs, driven 
by either the CBh or eGFAP promoter, significantly reduced pTDP- 
43 signals by 58% and 68%, respectively, compared to the vehicle 
control cohort (Figure 6E). Notably, this reduction was independent 
from the sex of the animals (Figure S14), suggesting that target satu
ration is already achieved in females despite their lower vmAb 
expression levels, with no additional efficacy observed at the higher 
expression levels reached by males. The lack of correlation between 
exposure and efficacy is shown in Figures S15A and S15B, for serum 
and CSF, respectively. To our knowledge, this is the first report to 
show that a vectorized full-length antibody targeting TDP-43 ame
liorates neuropathology in a mouse model of ALS/FTD, while con
firming the therapeutic potential of C-terminal anti-TDP-43 mAbs 
reported recently.14,45

DISCUSSION

Vectorized antibodies delivered using AAV technology hold great 
promise as the next generation of treatments for a plethora of dis
eases, especially those affecting the CNS. Achieving sustained, 
high-quality transgene production is crucial for providing safe and 
effective vectorized immunotherapies. Sustainability is particularly 
important given that the capsid proteins of AAV vectors elicit hu
moral responses, preventing patients from accessing future AAV- 
based treatments after being dosed once.46–48 To address these issues, 
we have developed an AAV-antibody delivery system that results in 
strong expression levels of vmAbs with the quality, binding, and 
functional properties of a conventionally produced mAb. The break
through involved use of a bicistronic IRES expression cassette with 
the LC gene positioned before the HC that resulted in superiority 
over previously published vectorized systems including the 2A-based 
design.38,49 In vivo, using a single intracisternal injection, these 
AAV9-delivered vmAbs resulted in a sustained antibody expression 
for up to 4 months, reaching concentrations of 490 μg/mL in serum 
and 400 ng/mL in CSF. When using the CamKIIa-hTDP-43NLSm 
mouse model of ALS/FTD, the single dose of the TDP-43 targeting 
vmAb ACI-5891 significantly reduced pathological TDP-43 species 
during the 3-month study period. Importantly, the beneficial effects 
observed were achieved without perturbing the physiological func
tions of TDP-43, providing a safety rationale for AAV-delivered 
anti-TDP-43 immunotherapy.

Successfully expressing full-length mAbs as a vectorized protein has 
challenged the field to work within the packaging size limitation 
(4.7 kb) of an AAV expression cassette.15 Exceeding this maximal 
capacity poses a significant hurdle to the AAV production yield 
and impacts crucial manufacturing quality attributes such as the 
empty/full capsid ratio.50 Thus, most approaches utilize smaller 
antibody fragments (e.g., scFv) that unfortunately exhibit substan
tially weaker target affinity as well as poor stability making them 
suboptimal for the intended long-term use provided by the 

Table 1. Exposure of ACI-5891 mAb and vmAb in serum and CSF over 

28 days after a single drug administration

Test article (sex, route of administration, N)
Seruma

(μg.mL− 1.day)
CSFa

(ng.mL− 1.day)

mAb-hIgG1 (female, i.p., N = 15) 1,281 3,885

AAV9-CBh-hIgG1 (female, i.c.m., N = 3) 1,347 –

AAV9-CBh-hIgG1 (female, i.c.v., N = 3) 1,101 –

AAV9-CBh-hIgG1 (male, i.c.v., N = 3) 6,395 –
aValues reported for the area under the curve (AUC) for 28 days calculated from expo
sure data presented in Figure 5B. AUC has been calculated using the trapezoid rule 
model in Prism 10.
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AAV-based delivery.18,51–62 Indeed, these poor biophysical proper
ties of scFv-based fragments were also observed in our study, high
lighting the need for alternative solutions. Antibody formats such 

as Fab (fragment antigen-binding) are known for their robust sta
bility,63,64 but they do not allow the use of antibody Fc-mediated 
effector functions, which harnesses the immune system to 

A

D E

B C

Figure 6. Efficacy of anti-TDP-43 AAV9-delivered vmAb in an ALS/FTD model 

(A) Schematic representation of the in vivo study design to assess efficacy of AAV9-delivered vmAb in a CamKIIa-hTDP-43NLSm ALS/FTD model. Mice (mixed sexes) were 

kept on doxycycline (on-dox) until 13 weeks of age. Removal of doxycycline (off-dox) allows expression of human TDP-43 in excitatory neurons. FTLD-TDP extracts were 

injected unilaterally in dorsal hippocampus 1 week after dox withdrawal (W14). Mice were administered a single dose of AAV9-mIgG2a (encoding for anti-TDP-43 ACI-5891 

vmAb) at W10 to allow time for expression. Serum, CSF, and brain tissues were collected at W27, 3-month post-FTLD extract inoculation and 4 months post-single dose AAV 

injection. (B) vmAb levels in serum and (C) in CSF of CamKIIa-hTDP-43NLSm mice, at 4 months post-single-dose administration of AAV9-mIgG2a using either CBh or eGFAP 

promoters. VmAbs levels are displayed in orange and blue circles, for female and male, respectively. VmAbs were measured in serum and CSF using a TDP-43-based ELISA 

(μg/mL for serum and ng/mL for CSF, y axis). Data are shown as mean (SD); Kruskal-Wallis followed by a Dunn’s test for multiple comparisons, reported as ***p ≤ 0.0003 and 

****p < 0.0001. (D) Images of NeuN, pTDP-43, and DAPI immunostaining from ipsilateral hippocampus (inoculated hemisphere) of treated mice, 3 months post-FTLD-TDP 

extract injection. The left panel shows a low-magnification view of the hippocampus, while the right panel presents a higher-magnification of the area outlined by the white 

rectangle. The top row (“No extracts”) represents mice that were not inoculated with FTLD-TDP extracts, serving as a baseline control for pathology initiation. Vehicle control, 

AAV9_CBh, and AAV9_eGFAP groups were inoculated with FTLD-TDP extracts to induce pathology. Vehicle-treated mice were intracisternally administered a single dose of 

CSF mimicking solution. AAV9_CBh and AAV9_eGFAP encode for the mouse IgG2a anti-TDP-43 ACI-5891 vmAb, driven by ubiquitous or astrocyte-selective promoters, 

respectively. NeuN (yellow) labels neurons, pTDP-43 (red) indicates pathological pTDP-43 inclusions, and DAPI (blue) stains nuclei. White scale bars, 250 μm or gray scale 

bars, 100 μm for the magnified images (B–D). (E) pTDP-43 staining density normalized to NeuN-positive neuron density in the hippocampus of the mice inoculated with 

human FTLD-TDP extracts and treated with vehicle control, AAV9-CBh-mIgG2a, or AAV9-eGFAP-mIgG2a. “No extracts” represents mice that were not inoculated with 

FTLD-TDP extracts and not treated. Data are shown as mean (SD); ordinary one-way ANOVA followed by a Tukey’s test for multiple comparisons, reported as **p ≤ 0.0020, 

***p ≤ 0.0003, and ****p < 0.0001.

Molecular Therapy

4370 Molecular Therapy Vol. 33 No 9 September 2025 



eliminate the target-antibody complex from the tissue.65 Therefore, 
the approach reported here, which enables the expression of full- 
length, high-quality vmAbs, represents a significant advancement 
in the field.

The use of 2A self-cleavage peptides fused to a protease recognition 
site enables high full-length antibody expression by ensuring equi
molar translation of the HCs and LCs.66–69 However, improper 
cleavage of the resulting proteins remains a challenge, compromising 
protein quality and increasing the risk of a neutralizing immuno
genic response.16,67,70–72 To address these limitations, significant ef
forts have focused on optimizing self-cleavage sequences to enhance 
cleavage fidelity and mitigate these risks. Examples include the opti
mized F2A sequence used in this study49 and other peptides such as 
P2A, T2A, and E2A.70,73 In contrast, the IRES approach requires 
careful consideration of gene positioning within the bicistronic 
expression cassette due to the reduced efficiency of IRES-dependent 
downstream gene expression.74 In the present study, the LC of the 
antibody was positioned prior to the HC,20,75 yielding high expres
sion while providing quality comparable to a conventionally pro
duced mAb, offering a notable improvement over gold standard 
2A methods.

In vivo, we used a single intracisternal administration of AAV9 wild- 
type (WT) serotype to closely mimic a potential clinical setup. Given 
the rapid CSF turnover in mice (30 min, compared to ∼6 h in hu
mans),76,77 AAV vectors quickly reach the periphery via the blood- 
CSF barrier. Consistent with previous reports,78,79 AAV9 transduces 
peripheral tissues, particularly the liver, even though this serotype is 
largely used for its favorable tropism for cells of the CNS including 
neurons, astrocytes, oligodendrocytes, and microglia.80–82 A sub
stantial proportion of vmAb is then also produced from the periph
ery, which may still contribute to CNS exposure similar to a conven
tional mAb (∼0.1%).

The observation of higher levels of vmAb expression in the sera and 
CSF of male compared to female mice was initially unexpected. 
However, previous studies have shown that hepatocytes of male 
mice are more efficiently transduced by WT AAV serotypes, as 
compared to female mice.34–37 To ensure CNS expression, we con
ducted thorough in vitro and in vivo immunochemistry studies. Eval
uating expression of the vmAb ACI-5891 using primary cells from 
rat cortical culture provided the first evidence of successful transduc
tion. After intracisternal or intracerebroventricular administration 
of the treatment, the cellular morphology and pattern of expression 
suggested that vmAb production localized in glia cells, neurons, as 
well as adjacent Purkinje neurons of the cerebellum.

Together, these data confirm local expression of vmAb within the 
CNS and suggest production in peripheral organs such as the liver, 
contributing to the difference of expression in male and female 
as described by Davidoff et al.35 These results have two significant 
implications for clinical use. (1) Local production of a secreted anti
body by glial cells and neurons occurs without signs of neurotoxicity 

and neuroinflammation, and the mice remained healthy throughout 
studies. (2) A single administration obviates the need for bimonthly/ 
monthly infusions of high-dose immunotherapies. Future improve
ments in delivery could involve engineered capsids that offer 
enhanced brain penetration, improved transduction efficiency, and 
reduced tropism for peripheral organs allowing systemic administra
tion of vectorized antibodies.83–85 The use of cell-specific or induc
ible promoters combined with microRNA target sites for selective 
transgene silencing in off-target tissues can further elevate next-gen
eration AAV capsids, advancing AAV therapies toward best-in-class 
precision medicine.86

The advantage of local production by cells from the CNS is further 
supported by the vmAb CSF-to-plasma ratio observed with the 
two promoters. Notably, the CSF-to-plasma ratio was higher with 
the eGFAP promoter compared to the CBh promoter, which corre
lated with the higher reduction of pathological TDP-43 in the mouse 
model of ALS/FTD with the AAV9_eGFAP treatment. Unfortu
nately, the use of the mouse IgG2a version of ACI-5891, which 
was necessary to avoid ADA responses during the 4-month study, 
prevented us from performing immunodetection of vmAb in brain 
tissue to confirm this hypothesis (high background signal from 
circulating mouse IgG).

Comparing mAbs with vectorized mAbs in preclinical studies pre
sents unique challenges due to differences in pharmacokinetics 
and expression dynamics. While systemic mAbs reach Cmax within 
24 h, vmAbs require 4–8 weeks to reach both Cmax and sustained 
expression. In fast-progressing mouse models or short-term study 
designs, this delay limits the ability to postpone treatment initiation 
relative to disease onset (e.g., doxycycline induction and seed inocu
lation). The vmAb derived from ACI-5891 showed high affinity for 
TDP-43 (KD ∼100 pM), achieving maximal target occupancy at 
∼150 ng/mL in CSF (1,000 pM), well above TDP-43 levels in human 
CSF (42–163 pM).87,88 Interestingly, although female mice have a 
lower vmAb expression compared to males, this did not result in a 
significant difference in phospho-TDP-43 reduction. These data sug
gest that target saturation already may be achieved at lower doses 
than theoretically calculated or that parenchymal production of 
the antibody could lead to a higher effective concentration within 
the brain tissue, extending beyond CSF exposure alone. These in
sights highlight the need for sex-specific considerations in opti
mizing preclinical models and clinical strategies, including the po
tential for dose adjustments to enhance safety while maintaining 
sufficient therapeutic efficacy.

Together, the bicistronic IRES system represents a significant 
advancement over traditional 2A methods, offering a better alterna
tive for clinical applications. The present work is the first to show ef
ficacy of a vectorized full-length antibody targeting extracellular 
TDP-43 that inhibits neuropathology in a model of human neurode
generative disease. While validating the potential of developing 
an immunotherapy to target extracellular TDP-43-driven pathology 
in patients,14 it also confirmed the potency of the anti-TDP-43 
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ACI-5891 mAb, with the added advantage of a single-dose adminis
tration. Achieving such a significant reduction of pathology using an 
AAV9 WT serotype, we anticipate that further improvement could 
be achieved using engineered AAV vectors. Ours and future innova
tive approaches are desperately needed to address these devastating 
diseases that impose such a high burden on patients, families, and 
society.

MATERIALS AND METHODS

CHO cell transfection

CHO transfections were performed using the ExpiCHO transient 
expression system (Thermo Fisher Scientific, USA) and 24-deep- 
well plate with rectangular well (Corning, USA), according to the 
supplier protocol. In brief, triplicates of 2.5 mL cells per well 
(5 × 106 cells/mL) were transfected each with 1 μg/mL plasmid 
mixed to OptiPro complexation medium supplemented by 
ExpiFectamine and grown for ∼18 h at 37◦C, 8% CO2, under 
200 rpm rotation shaking. After that, cells received 600 μL of feed so
lution per well supplemented by ExpiCHO enhancer to reach a final 
volume of 3.1 mL per well. The temperature was lowered to 32◦C, 
and cells were grown until harvest (7–12 days).

Molecular biology and AAV generation

Gene constructs and plasmid components were designed by AC Im
mune. VectorBuilder, China, produced the plasmid constructs, per
formed DNA sequencing, and produced AAV capsids within an ul
tra-purified quality grade, purified by cesium chloride density 
gradient as described by Ayuso et al.89 In the case of furin/2A con
structs, we used the sequence described by Fuchs et al. (2016) aiming 
an optimal protein maturation.49 Functional sequence of human 
OLIG2 promoter was identified using the EPFL (Ecole polytechnique 
fédérale de Lausanne) promoter database.32,33 CBh (hybrid form of 
the chicken beta-actin promoter [CBA]) and human short GFAP 
(glial fibrillary acidic protein) promoter sequences were subcloned 
as described by the authors.31,90 CMVe (cytomegalovirus promoter 
enhancer) sequence that is part of the cytomegalovirus (CMV) pro
moter91 was subcloned directly on the 5′ end of both OLIG2 and 
short GFAP promoters to generate eOLIG2 and short eGFAP, 
respectively. Related to mAb and vmAb design, the original mouse 
variable heavy (VH) and variable light (VL) sequences from the mu
rine hybridoma were recombinantly cloned onto mouse IgG2a con
stant region (UniProt: P01863) and mKappa constant region (Uni
Prot: P01837), respectively. The hIgG1 chimeric antibody (hIgG1) 
was generated by grafting the murine VH and VL regions onto the 
hIgG1 and hKappa constant region, respectively (UniProt: P01857
and UniProt: P01834). A list of annotated sequences corresponding 
to the various proteins and expression cassettes, including the con
trol trastuzumab and mouse-derived sequence, is provided in the 
supplementary material (Tables S4 and S5).

Antibody titration in CHO cell supernatant

One hundred microliter samples were collected per clone in tripli
cate and then centrifuged at 800g for 2 min at room temperature 
(RT) in microfuge tubes. Supernatants were transferred to fresh 

tubes, and titers were determined for each triplicate supernatant us
ing bio-layer interferometry (BLI) on the Octet QKe system (Sarto
rius, Germany). Protein A biosensors (Sartorius, Germany) were 
used to quantify full-length vmAb and scFv-Fc. For all measure
ments, a standard curve was generated using the corresponding pu
rified protein, previously produced in CHO cells with two plasmids 
(one per antibody chain) and purified by standard methods. The 
assay buffer was PBS supplemented with 0.1% BSA and 0.02% 
Tween.

Protein purification

Triplicate samples from each clone were pooled to obtain ∼9 mL per 
clone. Cells were pelleted by centrifugation at 800g for 2 min at RT, 
and the supernatants were transferred to fresh 15 mL Falcon tubes. 
Three hundred microliters of protein A resin (Cytiva, USA), equili
brated in PBS, were added to the 9 mL IgG and scFv-Fc clone super
natants. The samples with resin were gently rotated for 30 min at RT 
to ensure uniform mixing and efficient protein capture.

Following incubation, tubes were centrifuged at 3,000g at RT, and su
pernatants were discarded. The resin was then washed twice with 
PBS buffer. The resin-captured IgG and scFv-Fc were resuspended 
in 1 mL 100 mM glycine with pH 2.8 supplemented by 100 mM 
NaCl. The solution containing eluted antibody was transferred to a 
1.5 mL microfuge tube and centrifuged at 20,000g for 5 min at 
4◦C. Supernatants were collected and immediately neutralized with 
200 μL of 1 M Tris-HCl, pH 7.6. Finally, protein concentrations 
were determined by measuring absorbance at 280 nm using the 
appropriate extinction coefficient for each protein.

Protein characterization by SDS-PAGE

Purified proteins (1 μg, unless otherwise specified) were denatured 
for 5 min at 95◦C in loading buffer, with or without the addition 
of 5 mM dithiothreitol. The samples were then separated on a 4%– 
12% gradient SDS-PAGE gel, followed by Coomassie blue staining 
to visualize assembled IgGs (∼150 kDa) and the respective reduced 
LCs (∼25 kDa) and HCs (∼50 kDa). For scFv-Fcs, the non-reduced 
protein migrated at ∼110 kDa, while in reduced conditions it 
migrated at ∼60 kDa.

Protein characterization by SEC

Purified mAbs, vmAbs, and scFv-Fc were separated by fast protein 
liquid chromatography on a Superdex Increase S200 10/300 GL col
umn (Cytiva, USA) using an Äkta system (Cytiva, USA). The sepa
ration was performed at 4◦C in PBS buffer, running 1.2 column vol
umes at a flow rate of 0.7 mL/min. UV absorbance at 280 nm was 
used to monitor protein elution, and the monomeric protein fraction 
was calculated by determining the ratio of the monomer peak area to 
the total chromatogram area.

Primary protein sequence analysis by mass spectrometry

Recombinant primary protein sequences were analyzed by mass 
spectrometry (MS) at the Proteomic Core Facility, EPFL, Lausanne, 
Switzerland. First, 5 μg of purified protein samples was separated by 
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SDS-PAGE under reducing conditions as described earlier. After 
that, resulting SDS-PAGE was incubated in ultra-purified water at 
RT, for 2 h under gentle shaking, and then stained with Coomassie 
blue. In brief, stained protein bands corresponding to the LC and 
HC were excised and transferred to fresh 1.5 mL tubes. Gel pieces 
were washed twice with 50% ethanol in 50 mM ammonium bicar
bonate (Sigma-Aldrich) for 20 min and dried by vacuum centrifuga
tion. Proteins were reduced with 10 mM dithioerythritol (Merck 
Millipore) for 1 h at 56◦C followed by a washing-drying step as 
described earlier, and reduced disulfide bonds were alkylated with 
55 mM iodoacetamide (Sigma-Aldrich) for 45 min at 37◦C. The io
doacetamide was removed, and the gel excisions were washed with 
ultra-purified water, followed by in-gel digestion overnight at 37◦C 
using MS grade trypsin (Pierce) supplemented by 10 mM CaCl2. 
The resulting peptides were resuspended in 2% acetonitrile (Bio
solve) and 0.1% formic acid (Merck Millipore) for the LC-MS/MS 
separations. Peptides sequences were then identified, and primary 
sequence analyzed for integrity.

Cell transduction by AAV

Either ExpiCHO-S, SH-SY5Y cells or rat primary cortical culture 
were transduced with AAV constructs using an MOI (multiplicity 
of infection) ranging from 100K to 130K (100.000 or 130.000 vg 
per cell). AAV constructions were diluted in the respective cell media 
to reach the calculated MOI required for the transductions and 
added directly to plate wells. Cells were then grown for days at 
37◦C and 5% CO2 according to the cell line viabilities. Supernatant 
was collected either for purification of secreted vmAb, SEC charac
terization, or binding experiment performed by ELISA as described 
in the following.

Affinity measurements to human TDP-43

Target binding affinities were performed on a Biacore 8K instrument 
(Cytiva). Recombinant soluble human TDP-43 (Selvita) was immo
bilized on flow cells 2 (fc 2) of channels 1 to 8 of a series S CM5 sensor 
chip (Cytiva) to reach 350 to 450 RU (resonance units) on all eight 
channels. Five successive increasing concentrations of recombinant 
mAbs ranging from 1.2 to 100 nM prepared from a 3-fold serial dilu
tion in PBS containing 0.05 % surfactant Tween20 (PBS-P+, pH 7.4) 
running buffer were injected in single-cycle kinetics on fc 1 and fc 2. 
Kinetic measurements were performed with a contact time of 300 s 
and a dissociation time of 3,600 s at a flow rate of 30 μL/min. Regen
eration was performed using one injection of 10 mM glycine-HCl 
pH 1.7, at a flow rate of 30 μL/min for 30 s.

To assess the binding properties of the in vivo-produced vmAb, 
another SPR setup was developed. First, an anti-human IgG antibody 
from the Human Antibody Capture Kit, type 2 (Cytiva), was immo
bilized on fc 1 and fc 2 of a series S CM5 sensor chip (Cytiva) using 
amine coupling, following the manufacturer’s recommendations. 
This immobilized antibody was then used to capture hIgG1 vmAbs 
and mAbs present in mouse serum from the study described in 
Figure 5A. Next, mouse serum was diluted approximately 100-fold 
in PBS-P+ buffer (pH 7.4) containing 10 mg/mL non-specific bind

ing reducer (NSB reducer, Cytiva) to achieve a final concentration of 
3 μg/mL of anti-TDP-43 mAb and vmAb, as quantified by the TDP- 
43 ELISA. The resulting diluted serum was injected on fc 2 at a flow 
rate of 5 μL/min to capture in vivo-produced human vmAb and Ref 
mAb at levels ranging from 221 to 308 RU. Single-cycle kinetic anal
ysis was performed by injecting successively five increasing concen
trations of soluble recombinant full-length human TDP-43 (Selvita) 
prepared in PBS-P+ (pH 7.4) running buffer. The concentrations 
ranged from 1.2 to 100 nM. Binding kinetics were measured using 
a contact time of 300 s and a dissociation time of 900 s at a flow 
rate of 30 μL/min. Regeneration was achieved through an injection 
of 10 mM glycine-HCl (pH 1.5) at a flow rate of 30 μL/min for 60 
s. Results obtained from single-cycle kinetics were double-referenced 
using the reference fc 1 and preceding blank cycle for evaluation with 
the Biacore Insight evaluation software. Sensorgrams were analyzed 
using the 1:1 Langmuir kinetic fit model with variable reflective in
dex and global Rmax parameters.

TDP-43 aggregation assay in vitro

The method was adapted from Afroz et al.14 The recombinant hu
man TDP-43 protein was expressed with a C-terminal fusion to 
the maltose binding protein (TDP-43-MBP), incorporating a 
TEV protease cleavage site for potential removal of the MBP 
tag. This fusion protein was produced in Escherichia coli 
(E. coli), purified, and aliquoted before storage at − 80◦C (Selvita, 
Poland). Storage buffer (20 mM Tris-Cl pH 8.0, 300 mM NaCl, 
5% glycerol, and 1 mM DTT) was exchanged against assay buffer 
(30 mM Tris and 150 mM NaCl, pH 7.4) using centrifugal filters. 
The protein concentration was determined by UV spectroscopy at 
280 nm. TDP-43-MBP was diluted in assay buffer to a final con
centration of 2.5 μM and mixed in low binding tubes with 600 nM 
of anti-TDP-43 Ref mAb (mIgG2a ACI-5891), IRES_mIgG2a 
mAb (produced using bicistronic expression cassette), or irrele
vant isotype control. Aggregation of TDP-43 was induced by 
addition of TEV protease at a final concentration of 10 μg/mL. 
Protein aggregation was monitored by measuring absorbance at 
600 nm in the center of each well. Measurements were taken every 
15 min over a 24 h period, with 5 s of shaking before each mea
surement (Tecan, Switzerland). The sealed plates were constantly 
kept in the plate reader at 25◦C, and all measurements were per
formed in technical triplicates to ensure reproducibility (n = 2). 
To ensure complete cleavage of TDP-43-MBP by the TEV prote
ase in the presence of anti-TDP-43 mAbs, 4 μL of samples were 
mixed with 1 μL 5× fluorescent mastermix (Bio-Techne, USA) 
and analyzed by capillary electrophoresis (Jess, ProteinSimple) af
ter 24 h incubation. An anti-C-terminal TDP-43 antibody labeled 
with DyLight 680 was used as primary detection antibody at 
20 μg/mL.14 For analysis, endpoints measured by absorbance after 
24 h were normalized to isotype control, and the percentage of 
aggregated TDP-43 calculated for each conditions.

IF on human postmortem brain sections

Frozen human postmortem tissues were obtained from the brain 
banks affiliated with the University of California, San Francisco 
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(UCSF). All tissues were collected from donors from whom a written 
informed consent for a brain autopsy and the use of the material and 
clinical information for research purposes had been obtained by the 
respective institution. All samples were anonymized and coded. The 
brain samples were cut at 10 μm thickness, mounted on microscope 
slides, and stored at − 80◦C until further use.

Frozen brain sections were thawed at RT, fixed with 4% paraformal
dehyde (PFA) at 4◦C for 15 min and washed 3 times with PBS. Tis
sues were then encircled with a hydrophobic pen to minimize the 
sample volume and avoid spreading. Blocking was performed with 
5% BSA in PBS with 0.25% Triton X-100 for 1 h at RT. The sections 
were incubated overnight at 4◦C with primary antibody mAb ACI- 
5891 or IRES_mIgG2a ACI-5891 at 1 μg/mL and pTDP-43 (s409/ 
410) antibody (BioLegend, USA) at 1:200 diluted in 2.5% BSA in 
PBS-0.25% Triton X-100. To assess background signals from the sec
ondary detection antibody, the primary antibody was replaced with 
buffer (Neg control). The next day, the sections were washed 3 times 
with PBS. As secondary antibody, Alexa Fluor-633-labeled anti-rat 
and Alexa Fluor 488-labeled anti-mouse or Cy3 anti-human diluted 
1:500 in PBS were used. The sections were incubated in secondary 
antibodies for 30 min at RT. After three washes with PBS, 0.1% 
Sudan 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 DAPI was added, and the sec
tions were mounted with coverslips. The brain sections were dried in 
the dark and imaged with the Panoramic 150 slide scanner using the 
fluorescein isothiocyanate, Cy5 or Cy3, and DAPI channels.

Rat primary cortical cell culture

The rat pups (Prague-Dawley, Charles River, postnatal day 1–1.5) 
were sacrificed according to a veterinarian approved protocol. The 
pups were dissected in a 10 cm dish in Hank’s balanced salt solution 
under the binocular at RT. The brains were kept in a 35 mm dish in 
MEM (minimum essential medium, Gibco, 12360-038). Brains were 
transferred into a drop of digestion medium (30 mM K2SO4, 90 mM 
Na2SO4, 5.8 mM MgCl2, 0.25 mM CaCl2, 1.6 mM HEPES, 0.2 mM 
NaOH, 0.5% phenol red, 20 U/mL papain, 0.1% [w/v] L-cysteine, 
and 0.36% [w/v] glucose) and cut in pieces before being transferred 
into a tube containing digestion medium and incubated 30 min at 
37◦C. Supernatant was removed, and 10 mL of protease inhibitor 
medium was added (30 mM K2SO4, 90 mM Na2SO4, 5.8 mM 
MgCl2, 0.25 mM CaCl2, 1.6 mM HEPES, 0.2 mM NaOH, 0.5% 
phenol red, 0.36% [w/v] glucose, and 0.1% [w/v] trypsin inhibitor 
[Sigma, T9253]) and incubated 10 min. The tube was centrifuged 
at 300g for 2 min at RT, and the supernatant was removed. Tissue 
was resuspended in 5 mL of trituration medium (10% horse serum 
[Sigma, H1138], 1% L-glutamine [Gibco, 25030-025], and 0.36% 
[w/v] glucose in MEM). Trituration was performed using a 5 mL 
serological pipette and pipetting up and down 10 times. Once all tis
sue was dissolved, the tube was centrifuged at 300g for 2 min at RT. 
Supernatant was removed, and cells were resuspended in 10 mL of 
adhesion medium (10% horse serum, 1% L-glutamine, 1% peni
cillin/streptavidin, and 0.36% [w/v] glucose in MEM). Cells were 

passed through a 70 μm cell strainer. The filter was washed with 
an additional 10 mL adhesion medium. Cells were counted using a 
NucleoCounter NC-250 and plated at 25,000 or 40,000 cells/well in 
96-well poly-D-lysin-coated plates in 100 μL. Cells were incubated 
at 37◦C, 5% CO2. After 4 h, the medium was changed for growth me
dium (1% L-glutamine, 1% penicillin/streptavidin, and 2% B27 
[Gibco, 17504-044] in Neurobasal medium [Gibco, 12348-017]).

IF of rat primary cortical cell culture

Cells were fixed with 4% PFA (Sigma-Aldrich) diluted in PBS for 
15 min at RT to preserve cellular structures. After fixation, cells 
were washed 3 times with PBS to remove residual PFA. Permeabili
zation and blocking were performed simultaneously in PBS supple
mented by 3% BSA and 0.1% Triton X-100 overnight at 4◦C. Cells 
were then washed 3 times with PBS. After that, cells were incubated 
overnight at 4◦C with primary antibodies diluted in a solution of PBS 
supplemented by 1% BSA and 0.1% Triton X-100. The final volume 
of antibody solution added was 50 μL per well. Primary antibodies 
used included anti-MAP2 (Abcam, chicken antibody # ab5392), at 
a dilution of 1:2,000, to recognize microtubule-associated protein 2 
and identify neuronal cells, and anti-GFAP (Merck, rabbit antibody 
# 5804), at a dilution of 1:5,000, to target glial fibrillary acidic protein 
and label astrocytes. Following incubation with the primary anti
bodies, cells were washed three times with PBS to remove unbound 
antibodies. After washing, cells were incubated with fluorescently 
labeled secondary anti-antibodies diluted in PBS supplemented by 
1% BSA and 0.1% Triton X-100 for 1 h at RT in the dark to prevent 
photobleaching. Secondary antibodies included Alexa Fluor 488 goat 
anti-chicken IgG (Thermo Fisher Scientific, #A11039), diluted at 
1:500, for the detection of the anti-MAP2 antibody; Alexa Fluor 
647 goat anti-rabbit IgG (Thermo Fisher Scientific, # A32733), also 
diluted at 1:500, to label the anti-GFAP antibody; and Alexa Fluor 
555 goat anti-mouse IgG2a (Invitrogen, # A21137) for vmAb detec
tion, diluted at 1:200. Cells were then washed 3 times in PBS buffer as 
earlier. Finally, cells were stained to visualize cell nuclei using DAPI 
dye diluted in PBS according to the manufacturer’s instructions for 
5 min at RT, followed by a final PBS wash. Cells were then imaged 
using a Leica microscope equipped with a 20× objective lens. All 
fluorescence imaging parameters were standardized across samples 
for consistent data acquisition.

Assessment of TDP-43 functionality by quantitative reverse- 

transcription PCR

SH-SY5Y cells were grown at 100K cell per well in 24-well micro
plates and differentiated in DMEM high-glucose medium (Gibco, 
11965092) supplemented with 2% fetal bovine serum (Gibco, 
10500064), 1% penicillin-streptomycin (Gibco, 15140122), and 
10 μM retinoic acid (Thermo Scientific Chemicals, 044540.04). 
Following differentiation, cells were transduced in either duplicates 
or triplicates with an MOI of 130K of AAV9-vmAb constructs. Cells 
were then incubated with either an AAV9-delivered shRNA 
scramble (negative control) or AAV9-delivered shRNA anti- 
TARDBP as a positive control. The shRNA anti-TARDBP will reduce 
TDP-43 levels in cells and thus will affect its function. Cells were also 
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transduced with 130K MOI of AAVs or treated with 2 μg/mL of mAb 
ACI-5891 spiked into the cell supernatant. Cell supernatants were 
removed at day 7 following transduction for further antibody titra
tion by ELISA to ensure production by cells. After that, cells were de
tached in 100 μL of trypsin solution (TrypLE Express Enzyme, cat# 
12563029) and transferred to mRNAse-free (messenger ribonucleic 
acid-free) microfuge tubes. Cells were pelleted by centrifugation, 
5 min at 800g at 4◦C. After that, cells were resuspended in lysis buffer, 
and mRNA was extracted according to GeneJET RNA purification 
kit recommendations (Thermo Fisher Scientific, cat# K0732). Corre
sponding cDNAs were then prepared using the Maxima H Minus 
First Strand cDNA Synthesis Kit as recommended by the manufac
turer (Thermo Fisher Scientific, cat# K1651). After that, qPCRs 
were performed with the QuantStudio 3 real-time PCR system, start
ing with a single cycle of 2 min at 50◦C, then 2 min at 95◦C and fol
lowed by a total of 40 cycles consisting of 15 sec at 95◦C and 1 min at 
60◦C for the primer hybridization. The collected data were then 
analyzed with the supplier software, and either duplicate or triplicate 
cycle thresholds were collected per cell treatment to calculate the 
2̂-ΔΔCt, where ΔΔCt = ΔCt (treated sample) – ΔCt (untreated sam
ple). The house keeping gene considered as not affected by TDP-43 
activity was human RPLP0. The gene and primers used for the 
qPCR TDP-43 functionality assay were as follows: (1) STMN2 
(fwd) AGCTGTCCATGCTGTCACTG and (rev) GGTGGCTTCAA 
GATCAGCTC, (2) truncated STMN2 (fwd) GGACTCGGCAGAAG 
ACCTTC and (rev) GCAGGCTGTCTGTCTCTCTC, (3) POL
DIP3v2 (fwd) GCTCACCAAAACCATCCAGAA and (rev) ACTG 
CTTAGCCCAGCCATGT, (4) TARDBP (TDP-43 gene) (fwd) 
AATTCTGCATGCCCCAGA and (rev) GAAGCATCTGTCTCAT 
CCATTTT, and (5) RPLP0 (fwd) TCTACAACCCTGAAGTGC 
TTGAT and (rev) CAATCTGCAGACAGACACTGG.

Detection of vmAb by TDP-43 ELISA

This method was developed to (1) quantify vmAb levels in cell cul
ture supernatants and in vivo biofluids and (2) confirm that AAV- 
delivered vmAb, whether produced by rat primary cortical cultures 
or detected in vivo (in serum or CSF), retained its functionality 
and binding affinity for TDP-43. Ninety-six well microplates 
(Thermo Fisher Scientific, USA) were coated with human full-length 
TDP-43 soluble protein (Selvita, Poland) diluted in 50 mM carbonate 
buffer pH 9.6 at 4◦C overnight. The following day, plates were 
blocked with either 1x PBS + 1% BSA for CSF or supernatant samples 
or 1x PBS + 5% milk for serum samples (150 μL per well) during 1 h 
at RT. After blocking, plates were washed three times with 1x PBS + 
0.2% Tween 20 (300 μL per well). For the standard curve, conven
tionally produced reference mAbs (mAb-hIgG1 or mAb-mIgG2a 
ACI-5891) were prepared at an initial concentration of 1 μg/mL in 
the appropriate blocking buffer. An 11-point, 1:3 serial dilution 
was then performed, starting from 1 μg/mL and continuing down 
to 0.017 ng/mL. Sample dilutions were adapted to reach an optical 
density (OD) value falling in the linear part of the standard curve. Af
ter 1 h at RT, plates were washed three times as previously described. 
For detection, an anti-mouse IgG2a horseradish peroxidase (HRP) 
secondary antibody (Abcam, United Kingdom) or an anti-human 

IgG Fc HRP secondary antibody (Abcam, United Kingdom) was 
diluted 1/10,000 in 1x PBS + 0.2% Tween 20 and added to the plate 
(50 μL per well). Plates were incubated for 30 min at RT and washed 
three times as previously described. TMB substate (tetramethylben
zidine, BD Biosciences, USA) was added at 50 μL per well and incu
bated 5–10 min at RT. The reaction was stopped with 50 μL per well 
of 2 M HCl. Absorbance was then read at OD 450 nm using a micro
plate reader (Agilent, USA). The standard curve was fitted using a 
four-parameter dose-response curve, and concentrations extrapo
lated from the equation.

AAV9-mediated vmAb expression in vivo

These studies were performed in accordance with veterinary autho
rizations and animal care guidelines. Female and male C57BL/6 mice 
between the ages of 8–12 weeks were used for the studies illustrated 
in Figures 4 and 5. The animals were sourced from Charles River. For 
conventionally produced mAb (either Ref mAb ACI-5891 or isotype 
controls), i.p. injections were performed into lower-right quadrant of 
the abdomen to avoid damage to the urinary bladder, cecum, and 
other abdominal organs. Female C57BL/6 mice (N = 15) received 
the bolus mAb administration (60 mg/kg) at day 0. The serum was 
collected at 0.04, 0.17, 0.33, 0.6, 1, 3, 7, 10, 17, 22, and 28 days. 
The mice (N = 15) were grouped in sub-cohorts (N = 3) to allow stag
gered serum, CSF, and tissue collections.

For the single cisterna magna (i.c.m.) AAV administration, a dose of 
1 mg/kg buprenorphine slow release (0.6 mg/mL) was subcutane
ously administered to the animal prior to the surgery to provide 
72 h of analgesia. AAV injections were performed into the cisterna 
magna under anesthesia with 2.5% isoflurane. The final volume for 
i.c.m. injections was adjusted at 10 μL with sterile artificial CSF (pre
pared from high-purity water and analytical grade reagents; micro
filtered and sterile; final ion concentrations [in mM]: Na+ 150; K+ 
3.0; Ca2+ 1.4; Mg2+ 0.8; P 1.0; Cl− 155) to decrease the volume- 
induced margin of error and to be consistent between animals by 
injecting an equivalent volume. Briefly, animals were deeply anesthe
tized with 2.5% isoflurane and placed in the prone position in a ste
reotaxic head holder, with the head and body at a 120◦ angle. The 
skin and muscle at the nape of the neck were retracted. A 36G Ham
ilton syringe was used to pierce the dura matter at the site of the 
cisterna magna. The AAV vector was injected at a rate of 1 μL/ 
min, and the overlying skin was then sutured. Animals were allowed 
to recover on a warming mat.

i.c.v. injections were performed unilaterally into the left ventricle un
der anesthesia with 2.5% isoflurane. The final volume for i.c.v. injec
tions was adjusted at 10 μL with sterile artificial CSF. The scalp was 
shaved, and the skin was prepped using 0.5% chlorhexidine and 70% 
ethyl alcohol. The animal was placed in a stereotaxic head holder 
(David Kopf Instruments, Tujunga, CA). The skin was retracted, 
and the cortical surface of the left hemisphere was exposed by cra
niectomy using a high-powered drill. Injections were performed 
with the aid of a microinjection unit (David Kopf Instruments), 
and a Hamilton syringe was introduced into the left hemisphere 
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(coordinate: − 0.25 mm posterior relative to bregma, left 1.0 mm 
from midline), located at a depth of 2.5 mm below the skull to target 
the left lateral ventricle. The AAVs were injected at a rate of 1 μL/min 
at a dose of 4 × 1012 vg/kg (1 × 1011 vg in 10 μL for i.c.m. or i.c.v.)

Upon study termination, the CSF and blood were collected, animals 
were perfused with 40 mL PBS with 100 U/mL heparin, and organs of 
interest were collected.

The brain was dissected in the mid-sagittal plane, and the left hemi
sphere was immersion-fixed in 10% neutral-buffered formalin for 72 
h. Fixed brain for paraffin embedding was dehydrated through 
graded ethanol and xylene and then infiltrated with paraffin wax.

Tissue sectioning and immunohistochemistry

Brains were sectioned at 8 μm thickness per section. Slides were 
stored at RT prior to staining. For immunohistochemistry (IHC) 
preparation, slides with tissue sections were de-paraffinized and re
hydrated on the Leica BOND autostainer, followed by antigen 
retrieval with citrate buffer at 100◦C for 20 min to enhance antigen 
accessibility. A 5-min incubation with a peroxide block was applied 
to reduce endogenous peroxidase activity. To prevent nonspecific 
antibody binding, a solution of SuperBlock (Thermo Fisher Scienti
fic) was applied for 10 min. After blocking, slides were incubated for 
1 h with the primary antibody, anti-human IgG (Abcam, ab109489), 
and a rabbit mAb, at a 1:300 dilution. This was followed by incuba
tion with the labeled polymer provided in the BOND polymer refine 
HRP plex detection kit for 30 min. Slides were then developed with 
the chromogen substrate 3-amino-9-ethylcarbazole for 20 min to 
visualize staining. All stained sections were counterstained with 
Acid Blue 129 (Sigma-Aldrich) to provide contrast, followed by 
mounting with PEG (polyethylene glycol)/Glycerol aqueous 
mounting medium for preservation. Following staining, slides 
were dried at RT for 48 h before being digitized using an Axioscan 
7 digital whole-slide scanner (Carl Zeiss, Canada) to capture high- 
resolution images of each sample.

In vivo efficacy study in CamKIIa-hTDP-43NLSm transgenic 

mice injected with FTLD-TDP brain extracts

Double transgenic CamKIIa-hTDP43-NLSm 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 neurodegeneration, a group size of N = 10–15 was pre
dicted. Additionally, to ensure this number for the final analysis 
and to allow for a 60%–70% success rate of stereotactic surgery 
and inoculation of patient brain extracts, the initial group size was 
defined as N = 15 per treatment group and N = 11 for the non-treated 
group. This study was conducted in a mixed sex cohort. No sex-spe
cific differences in the progression of pathology have been described 
in this model,41 but significant vmAb expression levels were 
observed in C57BL/6 WT mice. A total of 52 mixed-sex mice (N = 
52) were used in this study. Breeders and mice were kept on 

200 mg/kg doxycycline (dox) diet until 13 weeks of age. A week after 
the dox removal from diet (W14), CamKIIa-hTDP-43NLSm mice 
were deeply anesthetized with isoflurane and immobilized in a ste
reotaxic frame. Human sarkosyl insoluble extracts were sonicated 
prior injection in the dorsal hippocampus.92 A Hamilton syringe 
was introduced into the left hemisphere (coordinates relative to 
bregma: − 2.0 mm anterior and left 1.3 mm from midline), using 
an operating microscope and a microinjection unit (David Kopf In
struments). Three dorsal hippocampus locations were targeted, 
starting at an initial depth of − 1.95 mm below the dura and then 
partially withdrawing the needle to − 1.55 mm for the middle injec
tion, and again to − 1.15 mm for the third and final injection. The 
FTD extracts were injected at a rate of 0.3 μL/min (1.0 μL per site, 
3 μL total volume) with the needle in place for ≥10 min at each 
target. The single dose of AAV9 encoding the anti-TDP-43 antibody 
(mouse IgG2a ACI-5891) was i.c.m. administered, 28 days prior the 
human sarkosyl insoluble extracts to match peak expression of vmAb 
reached at 1-month. Terminal collection was performed at 3 months 
after FTLD-TDP extract inoculation.

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 tremors and clasping. Each sign was scored 
on a scale of 0–3: normal (no dysfunction) (0), mild (1), moderate 
(2), or severe (3) dysfunction.

Brain hemispheres subjected to histology were snap frozen and then 
immersion-fixed in formalin for 24 h. The tissue was then embedded 
into an optimal cutting temperature 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 − 20◦C prior to IF staining. Staining was performed 
on a Leica BOND RX. For the dual pTDP-43/NeuN IF staining, 
the slides initially underwent a fixation/permeabilization 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 
(PowerVision IHC/ISH Super Blocking, Leica, Ref. PV6122). Slides 
were then incubated with primary antibodies in two steps, first 
with anti-pS409-410 TDP-43 (BioLegend, 829901,1/500), followed 
by anti-NeuN (Millipore, MAB377(CH), mouse antibody (Ab), 
1/500). Next, secondary antibodies were incubated in two steps, 
firstly with a mix of antibodies, anti-mouse-Cy3 (Jackson 
ImmunoResearch, goat Ab, 1/200) and anti-rat-biotin (Jackson 
ImmunoResearch, goat Ab, 1/250), and secondly with streptavidin- 
Cy5 (Jackson ImmunoResearch, 1/300). Iba1 staining was performed 
using a dilution of 1/1,000 primary rabbit antibody (Wako, 
Ref. 019-19741), followed by anti-rabbit-Alexa 488 (Jackson 
ImmunoResearch, goat Ab, 1/200). 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. The IF slides were digitized using an Axio Scan.Z1 digital 
whole-slide scanner (Carl Zeiss, Canada). Region of interest 
(ROIs) were delimited using a U-Net convolutional neural network 
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trained on a dataset of manually painted tissue sections. The ROIs 
then underwent visual quality control (QC) review and were manu
ally adjusted, if needed. Quantification of IHC staining (% area 
stained) was performed on each of the digitized slides using Bio
spective’s PERMITS process. Additionally, co-localization of 
pTDP-43 and NeuN was calculated from the segmented images. 
The IF analysis and quantification were performed in a blind manner 
with respect to cohort. The data shown in Figures 6, S12, S13, S14, 
and S15 represent individual animals, with quantification based on 
one coronal brain section per animal. For each section, the entire re
gion of interest (e.g., hippocampus and cortex) was used for analysis.

DATA AND CODE AVAILABILITY
The data that support the findings of this study are available from the corresponding 
author, D.N., upon reasonable request.
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