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Abstract

Effective therapies are urgently needed to safely target TDP-43 pathology as it is closely
associated with the onset and development of devastating diseases such as frontotemporal
lobar degeneration with TDP-43 pathology (FTLD-TDP) and amyotrophic lateral sclerosis (ALS).
In addition, TDP-43 pathology is present as a co-pathology in other neurodegenerative diseases
such as Alzheimer’s disease and Parkinson’s disease. Our approach is to develop a TDP-43-
specific immunotherapy that exploits Fc gamma-mediated removal mechanisms to limit

neuronal damage while maintaining physiological TDP-43 function. Thus, using both in vitro



mechanistic studies in conjunction with the rNLS8 and CamKlla inoculation mouse models of
TDP-43 proteinopathy, we identified the key targeting domain in TDP-43 to accomplish these
therapeutic objectives. Targeting the C-terminal domain of TDP-43 but not the RNA recognition
motifs (RRM) reduces TDP-43 pathology and avoids neuronal loss in vivo. We demonstrate that
this rescue is dependent on Fc receptor-mediated immune complex uptake by microglia.
Furthermore, monoclonal antibody (mAb) treatment enhances phagocytic capacity of ALS
patient-derived microglia, providing a mechanism to restore the compromised phagocytic
function in ALS and FTD patients. Importantly, these beneficial effects are achieved while
preserving physiological TDP-43 activity. Our findings demonstrete that a mAb targeting the C-
terminal domain of TDP-43 limits pathology and neurotoxicity, enarL'ing clearance of misfolded
TDP-43 through microglia engagement, and supporting the clinical “trategy to target TDP-43 by

immunotherapy.

Significance statement

TDP-43 pathology is associated with various devs.si .ting neurodegenerative disorders with high
unmet medical needs such as frontotempora' dei..entia (FTD), amyotrophic lateral sclerosis
(ALS) and Alzheimer's disease. Thus, -afe.y and effectively targeting pathological TDP-43
represents a key paradigm for biotcchnicar research as currently there is little in clinical
development. After years of research .2 1.ave determined that targeting the C-terminal domain
of TDP-43 rescues multiple pathc meckanisms involved in disease progression in two animal
models of FTD/ALS. In parallel, in.nortantly, our studies establish this approach does not alter
the physiological functions of w~is ubiquitously expressed and indispensable protein. Together,
our findings substantially .cnu.uute to the understanding of TDP-43 pathobiology and support
the prioritization for cliri.~a, *Zsting immunotherapy approaches targeting TDP-43.

Introduction

Misfolded aggregates of transactive response DNA binding protein 43 (TDP-43) are a hallmark
of multiple neurodegenerative pathologies including amyotrophic lateral sclerosis and
frontotemporal dementia (ALS-FTD) disease spectrum (1, 2) and limbic-predominant age-
related TDP-43 encephalopathy (LATE) (3). Moreover, these aggregated forms have been
identified as co-pathologies in Alzheimer’s disease (AD), Parkinson’s disease (PD) and chronic
traumatic encephalopathy (CTE) as well as in rare conditions such as inclusion body myositis
(IBM) (4-7). Accumulating evidence shows a correlation of clinical progression in ALS and
FTLD-TDP with spatiotemporal distribution of pathological TDP-43 species in neuroanatomically



connected brain regions suggesting that cell-to-cell propagation of TDP-43 pathology
contributes to disease progression (8, 9). Indeed, various subtypes for FTLD-TDP (i.e., A, B, C,
D and E) have been defined based on the morphology and regional localization of intracellular
TDP-43 aggregates in neuronal and glial cells (10-13). Cell-to-cell transmission has been
recapitulated using self-templating TDP-43 that leads to pathological aggregate formation and
disease progression (14-16), corroborating the hypothesis of TDP-43 spreading. Furthermore,
using recently developed techniques, Scialo et al., 2020 (17) have demonstrated that seeding-
competent species exist in the CSF of patients with FTD and ALS. Therefore, multiple
mechanisms contribute to spreading of TDP-43 pathology including transmission across
synaptic terminals, exosomes and release of misfolded TDP-43 ;-am dying neurons. Thus,
preventing the progression of TDP-43 neuropathology in the ~er(ral nervous system (CNS)
through enhanced clearance of extracellular TDP-A: by immune complex-mediated
engagement of microglia and the resulting decrease ¢ *ai,'nlated aggregation is an attractive
strategy for therapeutic intervention.

The exact composition of the extracellular -necics responsible for prion-like transmission
remains elusive in part due to the lack »f cpecific and sensitive reagents for detection (18).
While TDP-43 is an important nuclea- RNA/CNA-binding protein involved in the regulation of
RNA processing, TDP-43 pathology .vmiences as reduced TDP-43 levels in the nuclei and
aberrant accumulation with aggrer;>te f~rmation predominantly in the cytoplasm. Furthermore,
post-translational modifications arc induced including ubiquitination, acetylation, sumoylation,
phosphorylation at multiple si.°s and fragmentation (i.e., formation of aggregation-prone C-
terminal fragments) (19-2C' l.deed, C-terminal fragments harboring the amyloid core are
enriched in FTLD-TDr natonts (2, 24), acting to further induce the formation of aggregated
TDP-43. Moreover, TD-.3 autoantibodies binding to the C-terminal region are observed in the
sera of ALS patients, demonstrating that the C-terminal epitope is exposed in the extracellular
environment, activating the immune system (25-27). Taken together, these findings support a
classical immunotherapy approach to safely provide therapeutic benefit by reducing
extracellular pathological TDP-43 transmission, enhancing clearance of pathology by microglia,
preventing further neurotoxicity exerted by pathological TDP-43 (28, 29) while maintaining
endogenous TDP-43 function.

Here, we report the investigations undertaken to study targeting extracellular TDP-43 with
antibodies, validating the therapeutic approach. From a panel of antibodies generated using full
length TDP-43 as the immunogen, two mAbs, ACI-5891 and ACI-5886, were selected for further



characterization based on distinct epitope coverage yet similar target binding data. Assessed
side by side, ACI-5891, the mAb targeting the C-terminal domain of TDP-43, significantly
reduced seeding in vitro and decreased the levels of aggregated and phosphorylated TDP-43 in
the rNLS8 mouse model. In contrast, ACI 5886, targeting the region in RNA binding domain, did
not differ from the controls. ACI-5891 was then progressed into a second model of human
disease, the CamKlla-hTDP-43NLSm inoculation model, in which decreased pathology was
confirmed as well as neuroprotection observed. The effect of ACI-5891 was driven by microglia
and Fc-mediated immune complex clearance as alteration of morphology and a decrease in
efficacy was observed when using the Fc effector-reduced version of ACI-5891. Together, these
results of inducing neuroprotection with reduction of TDP-42 nc'iropathology validate the
immunotherapy approach as well as validate ACI-5891 as a potc ntiz.| therapeutic antibody.

Results:
Binding characteristics and specificity of two r-..* bs to distinct epitopes in TDP-43

Using the SupraAntigen® platform to obta’> a ~anel of anti-TDP-43 mAbs, a liposome-based
vaccine was created (30) by conjugation w:*F the target of interest, recombinant full length TDP-
43 (Fig. S1A). Evaluating binding cha.~cteristics, epitopes and target engagement on patient
brain sections, two mAbs were scie..2n. As shown by ELISA on peptides covering the
sequence of TDP-43, ACI-5891 b'nus i the C-terminal region (Fig. S1B) which is important for
aggregation (31), whereas, AC -58C8, binds in the RNA binding domain (Fig. S1B). The two
mADbs bind to TDP-43 with higr. affinity as demonstrated by an ELISA from which an ECs, of
0.13 and 0.15 nM was ol an.=a for ACI-5891 and ACI-5886, respectively, (Fig. 1A). The binding
affinity, Kp, for the full-le. atn human recombinant aggregated TDP-43 is sub-nanomolar for both
mAbs, 0.182 and 0.691 1M, respectively (Fig. 1B, upper panels). To obtain monovalent binding
affinity, Fab fragments were generated and a Kp of 2.8 and 21.8 nM for ACI-5891 and ACI-
5886, respectively, observed (Fig. 1B, lower panels) explaining the slightly lower avidity of the
latter to TDP-43 as compared with ACI-5891. The target specificity of ACI-5891 and ACI-5886
was further confirmed by the reduction of the signal on an immunoblot following the knock-down
of TDP-43 using specific siRNA in the HEK-293 cell line (Fig. 1C). TDP-43 knockdown was
further confirmed using a commercial TDP-43 antibody that detected the reduction of TDP-43
signal, similar to ACI-5891 and ACI-5886 (Fig. 1C).



Characterization of target engagement to disease and physiological forms of TDP-43

Postmortem tissues, obtained from FTLD-TDP brain and ALS spinal cord cases, illustrated the
characteristics of the TDP-43 species labeled and confirmed target engagement (Fig. 1D).
Immunohistochemistry (IHC) studies revealed the expected nuclear labeling corresponding to
physiological TDP-43 with both ACI-5891 and ACI-5886. In addition, labeling of multiple forms
of pathological TDP-43 were observed with both antibodies. In sections from FTLD-TDP type A,
compact neuronal cytoplasmic inclusions (NCI), short dystrophic neurites (DN) and lentiform
neuronal intranuclear inclusions (NII) could be identified. In sections from FTLD-TDP type B and
ALS, the expected diffuse granular NCI and thread/dots were dc"neated as well as long thick
DN in sections from FTLD-TDP type C (Fig. 1D).

TDP-43 has several disease-associated phosphorylation site s (13). To confirm binding when the
protein is phosphorylated in the region of its epitope, the abeling of ACI-5891 was combined
with that of an antibody (1D3), a mAb directed to . ot.osphorylated form of TDP-43, i.e.,
pS409/410. ACI-5891 labeling overlapped with th~ j~athological TDP-43 inclusions identified by
the mAb, 1D3 (Fig. S1C), further exemplifying ts c~pacity to bind disease-associated forms of
the protein.

ACI-5891 binding was also assesse on postmortem brain sections obtained from the
hippocampus of patients diagnosed oy nathological evaluation with LATE. In these sections,
ACI-5891 labeled neuronal ¢ oy 'asmic inclusions that colocalized with labeling of
phosphorylated TDP-43 aggreg ites (Fig. S1D). Furthermore, in sections prepared postmortem
from AD and PD patients, ACi 5891 labeled nuclear TDP-43 as expected, but did not label
senile plaques, neurofitrillcy tangles nor Lewy pathology (Fig. S1E) further confirming
specificity for TDP-43.

To further characterize the TDP-43 species bound by these two mAbs, binding of ACI-5891 and
ACI-5886 to sarkosyl-insoluble brain extracts containing aggregated TDP-43 isolated from
patients with FTLD-TDP type A, B or C pathology was assessed by western blotting (Fig. 1E). In
addition to full-length TDP-43, ACI-5891 detected C-terminal fragments of TDP-43 with
molecular weights below 25 kDa. ACI-5886 also detected full-length TDP-43 in the brain
homogenate derived from the same patient brains. Interestingly, ACI-5886 detected fewer
truncated fragments of TDP-43 as compared to ACI-5891, in line with its epitope being in the
RRM domain upstream of the majority of reported cleavage sites (32) (Fig. 1E). With both
mAbs, high-molecular weight TDP-43-positive species were detected representing aggregated



and ubiquitinated TDP-43 (33). Only trace amounts of TDP-43 were detected in the brain
extracts from control cases which do not contain sarkosyl-insoluble TDP-43 (Fig. 1E).

As ACI-5891 and ACI-5886 bind both physiological as well as various pathological forms of
TDP-43, evaluation of physiological function of TDP-43 was performed to rule out potential
undesired effects of mAb treatment. No cellular labeling was observed following incubation of
live (i.e., unfixed) neural progenitor cells, C17.2, indicating that the mAbs are not taken up by
the cell (Fig. S1F). Furthermore, the incubation with the mAbs did not alter the cellular levels of
TDP-43 protein (Fig. S1G-H). Finally, we confirmed that treatment with ACI-5891 or ACI-5886
did not alter the generation of relevant splicing variants (Fig. 1+ 3). In contrast, as a control,
reduction of TDP-43 levels using a TDP-43-specific siRNA trigg :re.' mis-splicing of the following
RNA targets, Sort1, Dnajc5, Poldip3, Eif4h and Sema3F (Fi¢. 17-u).

Targeting C-terminal domain inhibits TDP-43 de novc *qgregation in vitro

Next, ACI-5891 and ACI-5886 were characteriz;;a ‘a 7.n in vitro aggregation assay recapitulating
the initial events in the formation of TDP- +3 19Q: 2gates (34). The two mAbs showed different
functional efficacy in inhibition of aggregatio.” (Fig. 2A). ACI-5891 completely inhibited TDP-43
aggregation at a TDP-43-to-mAb equimc.lar ratio and the curves were indistinguishable from
conditions without aggregation inductiin (i.e., without TEV protease cleavage) (Fig. 2A-B). In
contrast, in the presence of ACI-2886, the aggregation kinetics were indistinguishable from the
results with the isotype continl cntibody demonstrating that ACI-5886 did not inhibit or slow
down TDP-43 aggregation n. th s assay. These results were confirmed by sedimentation and
quantification of aggrcrai>d 1 DP-43 using an immunodetection assay (Fig. S2A-B).

For ACI-5891, a concel.. ation-dependent inhibition of TDP-43 aggregation resulted in an 1Csq of
117.5 nM (Fig. 2C-D). As a control in these experiments, TDP-43-MBP cleavage by TEV
protease required for the induction of TDP-43 aggregation was not affected by the presence of
antibodies (Fig. S2C).

Targeting C-terminal domain inhibits TDP-43 templated aggregation in vitro

To evaluate the effect on templated aggregation in vitro, immunodepletion experiments were
performed with aggregated and phosphorylated TDP-43 enriched from FTLD-TDP brain

extracts. The immunodepleted fractions demonstrated substantial TDP-43 depletion by the C-



terminal binder, ACI-5891, as compared with the isotype control but only partial depletion by the
RRM binder, ACI-5886 (Fig. 3A). For quantitative analyses, the signals obtained for total TDP-
43 or C-terminal fragments of TDP-43 (i.e. 25 kDa, CTF) were normalized to the corresponding
signal in the input. ACI-5891 significantly decreased the levels of both full-length TDP-43 (Fig.
3B) and CTFs (Fig. 3C) as compared with isotype control. Even though a trend of reduction of
C-terminal fragment was observed by ACI-5886, it was not statistically significant. Since the
immunodepletion was performed in a native buffer, a fraction of C-terminal fragment potentially
co-aggregated with full-length TDP-43 and resulted in co-immunodepletion by ACI-5886
resulting in the corresponding reduction of signal.

The TDP-43 immunodepleted brain extracts were subsequently tected for their ability to induce
templated aggregation in iGFP-NLSm QBI-293 cells, a doxyr yu."e-Inducible cell line expressing
GFP-tagged cytoplasmic TDP-43 protein (14) (Fig. S2D). An cqual volume of immunodepleted
samples were transduced into the cells and seeding : ctiv 'y was analyzed by quantification of
the area occupied by de novo phosphorylated TDP-45 aggregates (pS409/410 mAb signal
colocalizing with TDP-43-GFP fluorescence) (liir,. 3D-E). Both qualitatively (Fig. 3D) and
quantitatively (Fig. 3E), ACI-5891 immunr u.nleted extracts significantly reduced the level of
pTDP-43 as compared with the extracts imi.".inodepleted with either isotype control or ACI-5886
(Fig. 3E).

The C-terminal pan specific r~Ab, ACI-5891, mitigates TDP-43 pathology in rNLS8 mouse
model of TDP-43 proteinonath -

As the in vitro assay. in 'olv ng de novo and templated aggregation demonstrated a stronger
capacity of the C-terminal binding mAb to alter pathological TDP-43 aggregation, the same two
mAbs were assessed side by side in the inducible NEFH-tTA x hTDP-43ANLS (rNLS8) double
transgenic mouse model. These animals were established to study TDP-43 related pathology by
expressing the human TDP-43 with a mutation in the nuclear localization signal (hTDP-43
ANLS) that also alters the endogenous function of the protein within all neurons (35). Target
engagement was confirmed using brain sections and homogenates with both mAbs
demonstrating binding to RIPA-soluble and RIPA-insoluble fractions (Fig. S3A-B). A single-dose
pharmacokinetic study was performed in wild type mice to establish a suitable dosing schedule
(i.e., a half-life of 7 days for ACI-5886 and 15 days for ACI-5891, Fig. 4A). Of note, no clinical
signs were observed over 28 days in this study. Next, the rNLS8 mice were dosed i.p. weekly



for 5 weeks with either ACI-5891, ACI-5886 or the vehicle control (Fig. 4B). The dosing started
simultaneously with doxycycline withdrawal, i.e., at the time of inducing hTDP-43 ANLS
expression. For ACI-5891 and ACI-5886, the average plasma concentrations assessed at the
end of the study were 940 ug/mL (6.2 uM) and 493 pug/mL (3.2 uM), respectively (Fig. S3C).
Although the terminal plasma concentration of ACI-5886 was lower than that of ACI-5891, their
predicted levels in the brain were still well above their respective Kp for TDP-43 binding (0.691
nM for ACI-5886 and 0.182 nM for ACI-5891) assuming 0.1% brain penetration from the plasma
as reported for other mAbs with systemic administration (36).

Phosphorylated TDP-43 inclusions were observed in mice 5 we ks post transgene induction
(Fig. 4C). ACI-5891 treatment led to a significant reduction in .ne density of pTDP-43-positive
inclusions in the cerebral cortex compared to ACI-5886 or vehicie-treated mice (Fig. 4D, Fig
S3D) and a similar trend was observed for the immunoreztive area (Fig. SSE) and for striatum
(Fig. S3F). These findings were confirmed using bioch« mic 1l assay that showed reduction in the
pTDP-43 levels (Fig. 4E) and in aggregated TDP-43 I vels (Fig. 4F) in the RIPA-insoluble
fractions of ACI-5891 but not ACI-5886 treated .n’ce as compared to vehicle. Consistent with
the cell-based assay (Fig. S1G-H), no sign’’i. "\n. ~hanges in soluble TDP-43 protein levels were
detected after ACI-5891 and ACI-5886 tre.ment compared with vehicle control (Fig. S3G-H,
Fig. 4G). Additionally, mAb treatments did not influence the total number of NeuN-positive
neurons in cerebral cortex in this moce' a> expected (Fig. S3l).

Evaluation of body weight and mo.r function demonstrated a progressive decline in all animals
(Fig. S4A-C) following transyone expression prior to the appearance of TDP-43 aggregates
(35). As mAbs do not aff~~t > transgene expression, no effect of mAbs treatment on body
weight, tremor and clacnii v v.as observed (Fig. S4A-C).

As a reduction in pTDP-+3 but not total TDP-43 levels was observed with ACI-5891, a mAb that
is not spontaneously taken up by neurons (Fig. S1F), we hypothesized that extracellular, mainly
pathological TDP-43 released in this model was cleared by activated microglia via an Fcy
receptor-mediated phagocytosis. Since the phagocytic marker CD68 did not change significantly
in the rNLS8 model during disease progression (37), a pan-microglial marker Ibal was used to
evaluate microglial activation. A highly significant increase in Iba1 labeling was observed in the
vehicle treated group at 5 weeks post transgene induction (Fig. S4D-E). mAb treatment did not
further exacerbate the observed microgliosis and the microglial density remained unchanged
(Fig. S4F-G). However, microglial morphology evaluation showed a significant increase in the

mean cell size of large ramified microglia, indicative of increased phagocytic activity, in ACI-



5891 treated mice as compared to vehicle (Fig. 4H-I), while the other phenotypes, i.e., small
and surveying ramified, remained stable (Fig. 4J-K; Fig. S5A-E). This suggests that ACI-5891
efficiently forms immune complexes with the extracellular pathological TDP-43 that are
eliminated by an Fcy receptor-mediated mechanism, a hypothesis explored in the next in vivo

study.

To evaluate whether induction of pTDP-43-removing by phagocytic microglia was associated
with substantial alterations in cytokine profiles, several proteins were evaluated in the RIPA-
soluble fraction of brain tissue from this study. IL-13 and TNFa levels remained relatively stable
ranging from 1 to 2 pg/ml and 2 to 3 pg/ml, respectively, when cc1paring the vehicle control to
ACI-5891 treated mice, while IL-6 and the chemokine, KC/C.HL remained within the same
range of concentration (Fig. S4H-K).

ACI-5891 protects neurons from toxicity induced by noculation of patient brain-derived
TDP-43 seeds in mouse brain

Since ACI-5891 potentiated the clearance of TDr -43 neuropathology in the mouse model with
the pathology driven by high transgene leve.> (rNLS8), we further investigated the effect of this
mADb in another mouse model with TDP-~? pathology induced by injection of FTLD-TDP patient
brain extracts (14). FTLD-TDP extiectc were prepared as previously described (14), and
characterized for the presence o. aggregated pTDP-43 and total TDP-43 by immunoblot (Fig.
S6A). Their capacity to induc=~ >mplated aggregation of TDP-43 was confirmed in vitro (Fig.
S6B).

Following doxycycline -an..zval to induce the transgene expression, CamKlla-hTDP-43NLSm
mice were stereotactice'’ injected with FTLD-TDP brain extracts in the dorsal hippocampus and
treated with ACI-5891, ACI-5891 effector-reduced variant (ACI-5891%) or IgG2a isotype control
(Fig. 5A) starting 48 h after inoculation to allow the assessment of therapeutic paradigm. pTDP-
43 pathology was detected in hippocampus 3 months post-injection (mpi) (Fig. 5B) with
substantial pathology in the ipsilateral side (Fig. S6C). Of note no pTDP-43 was detected at
ipsilateral side in non-inoculated mice compared with the inoculated mice (Fig. S6D) consistent
with the previous report of rare pTDP-43 inclusions in this mouse model per se (38). In the
contralateral side pTDP-43 levels were 10 times lower compared to the ipsilateral side,
indicative of limited propagation of TDP-43 pathology at 3 mpi (Fig. S6C). Therefore, the effect
on neurotoxicity potentiated by pTDP-43 pathology was only evaluated on the ipsilateral side in



proximity to the inoculation site in the dentate gyrus (DG). As previously reported, granular
neurons in this region of the hippocampus show selective vulnerability (38). Significant neuronal
loss (Fig. 5C-D) and the corresponding decrease in DG region size (Fig. S6E) were observed
following inoculation of FTLD-TDP brain extracts in the vehicle or isotype control treated mice
as compared to non-inoculated mice. Importantly, ACI-5891 significantly reduced neuronal loss
in the DG caused by the inoculation of FTLD-TDP brain extracts (Fig. 5D) and showed a trend
to preserve the DG region size (Fig. S6E). Interestingly, ACI-5891%" showed a trend towards a
rescue of neuronal loss, but its effect was not significant suggesting the requirement of mAb
effector function (Fig. 5D, Fig. S6E).

This significant neuroprotection was consistent with a trend to a (e "icdon of density of pTDP-43
inclusions in DG in mice treated with ACI-5891 as comparec c u.. isotype control (Fig. 5E). As
in rNLS8 mice, the effects of ACI-5891 were associated \viti, ~ucroglial engagement as shown
by a trend of increase in lba1 object density, with sigr.nce nt difference between ACI-5891 and
ACI-5891F" variant indicating the requirement of effeste: function for mAb efficacy (Fig. 5F).
Simple linear regression analyses between p(ILF-43 and Ibal object densities showed
significance only for mice treated with AC. 5621 (p=0.0032), indicating that ACI-5891-driven
neuroprotection was associated with the re Juction of pTDP-43 aggregates through activation of
microglia (Fig. 5G).

ACI-5891 potentiates TDP-47 untake by mouse primary microglia and ALS patient

monocyte-derived microglia /1 vitro

To confirm the direct inv ilveinent of microglia in clearing TDP-43 aggregates by Fc-dependent
mechanisms, an in vitro <ssay using mouse primary microglia was set up. For this, recombinant
TDP-43 aggregates were labeled with pHrodo™ dye which becomes fluorescent upon
internalization in an acidic cellular compartment allowing to monitor internalization of TDP-43
aggregates by microglia in real time. Limited internalization of TDP-43 aggregates was
observed upon incubation with TDP-43 aggregates alone or in the presence of an isotype
control. However, in the presence of ACI-5891, a significant increase in the uptake of labeled
TDP-43 aggregates was observed (Fig. 6A) with maximum increase achieved between 5-10 h
(Fig. 6B). Moreover, mutations in the Fc region of ACI-5891 (ACI-5891F) resulting in reduced
binding to FcyRs, showed a significantly decreased uptake of TDP-43 aggregates as compared
with wild-type ACI-5891. Furthermore, ACI-5891 treatment led to a faster clearance of TDP-43
aggregates by microglia as compared to the effector-reduced antibody (Fig. 6B). Moreover,



mAb concentration dependent phagocytic uptake was observed with both ACI-5891 and ACI-
5891FR with the latter being consistently lower than ACI-5891 (Fig. S7A). In this assay, ACI-
5886 was comparable to ACI-5891 in potentiation of TDP-43 uptake by microglia consistent with
its comparable affinity to ACI-5891 for recombinant aggregated TDP-43 (Fig. S7B).

To assess the potential benefits of TDP-43 immunotherapy to patients, the effect of ACI-5891
on uptake of pHrodo-labeled TDP-43 aggregates was evaluated in monocyte-derived microglia
(MDMi) from ALS patients. To do so, a chimeric version of ACI-5891 was generated and
compared to a human IgG1 isotype control antibody. Monocytes derived from blood of healthy
and ALS donors were differentiated into microglia like cells (Fiy 6C). Consistent with mouse
primary microglia results, ACI-5891 significantly improved ca',ac.'v of both ALS and healthy
donor’s microglia to uptake TDP-43 aggregates as compar.u viu1 an isotype control antibody
(Fig. 6D-E).



Discussion

In this study, we demonstrate the relevance of developing a classical immunotherapy approach
for altering TDP-43 driven pathology in patients using in vitro and in vivo models of ALS/FTD.
Importantly, our data indicate that the C-terminal epitope is best suited to target the relevant
pathological species of human TDP-43. The observed beneficial effects are achieved without
perturbing physiological functions of TDP-43 providing a safety rationale for TDP-43

immunotherapy.

As shown by the epitope mapping results, the two mAbs bind t¢ specific epitopes in the RRM
(ACI-5886) and the C-terminal region (ACI-5891) of TDP-43 A< both mAbs bind with high
avidity to TDP-43, it is unlikely that lower monovalent bindiry «*tunty of ACI-5886 could explain
the differences in functional efficacies observed in this sti'dy. Cur data demonstrating the utility
to specifically target the C-terminal versus the RRW (omain of TDP-43, aligns with the
observations that the C-terminal domain is highly prcae (» aggregation and is enriched in the
pathological inclusions in patient brain homogenatzs (2, 11, 24). Importantly, targeting the C-
terminal region increases the probability .1 capturing disease-relevant C-terminal fragments
enriched in patients whereas RRM-binding, antibodies may not capture all aggregation-prone
fragments especially truncated after «mino acid 260 considering the presence of multiple
proteolytic sites in this region (32, 3¢ 4u  Moreover, the C-terminal region shown to harbor the
amyloid core in pathological TDF-45 aggregates (24, 41), confers the property of liquid-liquid
phase separation (LLPS) (42, 4, a physiologic process that allows the functional and dynamic
assembly of various memb. 2ne-\2ss organelles such as stress granules (44). However, under
the conditions of chronic stre ss, irreversible inter- and intra-molecular interactions occur within
the C-terminal domain, jiving rise to pathologic protein aggregates (44). Our mechanistic
studies involving recombinant TDP-43 aggregation and cell-based seeding confirm that the
efficient capture of TDP-43 seeds prevented templated aggregation. In contrast, when binding
the RRM region, inhibition of TDP-43 aggregation and prevention of seeding in vitro was
significantly lower or absent, suggesting capture of only a fraction of seeding-competent forms
of TDP-43.

The two animal models of human disease used in our study were selected to mimic the
formation of phosphorylated TDP-43 inclusions, the unique molecular neuropathology hallmark
of TDP-43 proteinopathies correlated to the clinical progression of disease (8, 9). The
differential efficacy of the two mAbs seen in vitro translated into reduction of TDP-43 pathology



by ACI-5891 but not by ACI-5886 in the rNLS8 mouse model. These data demonstrate the
relevance of targeting the C-terminal region in clearing extracellular TDP-43. ACI-5891 was able
to significantly decrease the levels of aggregated and phosphorylated TDP-43 in the rNLS8
mice, a model with rapidly progressing pathology. Although ACI-5891 binds to both human and
mouse TDP-43, its effect on mouse TDP-43 levels could not be evaluated as aggregation of
mouse TDP-43 was not observed in this mouse model (35). ACI-5886, targeting the RRM
domain, was not able to alter pathology. While the RRM domain epitopes proposed in earlier
studies (45, 46) could be useful for intraneuronal targeting, our study led to the identification of a
novel epitope for targeting extracellular TDP-43 species for the classical pharmaceutical mAb
approach.

The observation of neuroprotective effect of ACI-589. in the CamKlla model further
demonstrates clinically relevant benefit. The use of thes< *wo models allowed us to focus on the
evaluation of molecular pathology to better understa>” the mode of action of our mAbs.
However, due to the transgene overexpression, ‘e cognitive and motor phenotypes in rNLS8
mice cannot be overcome by treatments thc au not target the transgene expression. No
cognitive or motor deficits have been de “cri'sed tor CamKlla mice inoculated with FTLD-TDP
brain extracts at 3 mpi, and therefore these re..douts were not evaluated.

The observed effect of ACI-5891 ~a.» be explained by at least two non-mutually exclusive
mechanisms as supported by tt e ..» vitro and in vivo data (Fig. 7). Firstly, as described above,
the antibody when bound 1. ue extracellular TDP-43 may prevent TDP-43 templated
aggregation by reducing 2 uptake of seeds by unaffected neurons. Importantly, by using
CamKlla-hTDP-43NLS.~ ~zculated with FTLD-TDP patient brain-derived seeds, our data
demonstrated that capt 2 and removal of the extracellular TDP-43 species counteracted the
toxic gain-of-function and conferred neuroprotection. Secondly, as demonstrated by our
evaluation of microglial activation in vivo and in vitro, the antibody potentiated the uptake and
clearance of extracellular pathological TDP-43 species by microglia thereby preventing the
spread of TDP-43 pathology and associated neurotoxicity. ACI-5891 treatment was associated
with appearance of hypertrophic microglia indicative of active phagocytosis. Such hypertrophic
microglia associated with clearance of TDP-43 pathology have been previously observed in
rNLS8 mice during disease recovery induced by turning off the transgene expression (37).
Importantly, ACI-5891 treatment did not exacerbate microgliosis. The levels of pro-inflammatory
cytokines observed (IL-1beta and TNF-alpha) remain within the limits of assay reproducibility



and not of concern as accepted inflammatory danger stimuli such as lipopolysaccharide (LPS)
increase levels by at least 5 to 10- fold in mice (47). Furthermore, ACI-5891 with full effector
function demonstrated neuroprotective effect in this study confirming the role of microglial
clearance and providing rationale for the need of full effector function for TDP-43

immunotherapy.

Deficient immune function and microglial clearance have been described in aging brain and in
neurodegenerative diseases including TDP-43 proteinopathies such as ALS (48) and FTLD-
TDP with progranulin (49) and c9orf72 (50) mutations. In diseese, TDP-43 loss-of-function is
suggested to contribute to abnormal microglial activity enharcing synaptic loss (51). ALS
microglia-like cells derived from monocytes have been shown 1 risplay significantly impaired
phagocytosis (52). Furthermore, the levels of high affinity TOP-.3 auto-antibodies decline over
time in the patients with ALS which is associated with diz~a.~ severity (27). Such a decline may
further contribute to impairment of natural mechanisms ~ _lear toxic proteins. Thus, restoration
of normal phagocytic pathway through immune ¢ mplex formation by mAb and Fc-gamma
receptor mediated phagocytosis could help to ‘escue microglial dysfunction. Indeed, ACI-5891
could increase the phagocytic capacity of mor.ocyte-derived microglia from ALS patients.

Thus, ACI-5891 treatment addresses key pauiological mechanisms involved in progression of
TDP-43 proteinopathies, i.e., extrace'..'ar TDP-43 toxicity, seeding and microglial dysfunction,
supporting clinical assessment of :mn ' iotherapy for the treatment of TDP-43-mediated CNS
disorders.



Materials and methods

Vaccine design and preparation

Vaccine was engineered by conjugation of recombinant full-length human TDP-43 (Origene)
on the surface of SupraAntigen® liposomes. Monophosphoryl Hexa-acyl Lipid A, 3-Deacyl
(Synthetic) (8D-(6-acyl) PHAD®) was used as adjuvant. In addition, adjuvant-free vaccine
formulations were manufactured to be used for immune boosts prior to hybridoma fusions

from spleenocytes.

Recombinant antibody production

ACI-5886 and ACI-5891 VH and VL domains were clcned into mammalian expression
vectors containing the mouse kappa constant don.;in ind the mouse IgG2a constant
domain, respectively. CHO cells were transiently *+ansfec.ed with equimolar of heavy and
light chain vectors. Antibodies were purified frora c«irzrnatants by protein A chromatography
(mAb select sure, GE Life sciences) follc wec by sterile filtration and quantification. Quality
control was done by SDS-PAGE, analytica: size-exclusion chromatography and endotoxin

quantification.

ELISA

Human recombinant TDP-45 nretein was diluted in carbonate-bicarbonate buffer pH 9.6 to a
final concentration of 2.5 ug/ nL and used to coat ELISA plates (MaxiSorp, Nunc) overnight
(ON) at 4°C, 50 uL/well. A‘ter washing four times with PBS / 0.05% Tween®-20 and blocking
for one hour at 37°C with assay buffer (PBS / 0.05% Tween®-20 (Merck 8.22184.0500) / 1%
BSA (Sigma: A9418)), plates were incubated for two hours at 37°C with recombinant ACI-
5886 or ACI-5891 diluted to a final starting concentration of 90 ng/mL in PBS / 0.05%
Tween-20® / 1% BSA as diluent, followed by seven 3-fold dilutions. Next, plates were
washed four times with PBS / 0.05% Tween®-20 and incubated for two hours at 37°C with
goat anti-mouse-AP 1gG2a isotype-specific antibody (cat: 115-055-206) at 1:1000 dilution.
After washing, plates were incubated for two hours at room temperature (RT) with 1 mg/mL
of phosphatase substrate pNPP (S0942, Sigma). The absorbance signal was read at 405 nm
wavelength using a plate reader (Tecan Infinity M200).



Epitope mapping

An initial screening was carried out using a biotinylated (with a linker at the N-terminus) peptide
library (Anawa-Biotrend, Switzerland) covering the full sequence of the human TDP-43. The
peptides were coated onto streptavidin-coated 96-well plates, and ELISA using ACI-5891 and
ACI-5886 were performed as described above. Epitope mapping was also confirmed using a
custom-made peptide array library (Pepscan, Netherlands). Briefly, arrays of overlapping linear
peptides covering the entire TDP-43 were used (53) to define epitopes.

Surface Plasmon Resonance

Avidity measurements were performed on a Biacore T2(9 instrument (GE Healthcare Life
Sciences) using aggregated TDP-43 as ligand bound ' th 3 chip surface and recombinantly
produced antibodies as analyte in solution.

The instrument was primed with 1x PBS buffer rlo.: cells (Fc) 1-4 of a Series S CM5 sensor
were activated with a fresh solution of EI" C/M HS at 5 pL/min for 420 sec. Immediately after
activation the ligand injection was performec in respective flow cells. Fc1 was used as a
blank. Freshly diluted recombinant h»:mai. aggregated TDP-43 (Selvita) was injected at 50
pg/mL in 10 mM Na-Acetate buffer nH 1 7, within one minute of preparation at a flow rate of 5
puL/min for 420 sec. Next, all ¢annels were quenched with 420 sec injection of 1M
Ethanolamine-HCI followed by thice regeneration cycles, each injecting 10 mM Glycine pH
1.7 at a flow rate of 5 ul '~in fur 60 sec. Conditions were optimized so that approximately
100 RU protein was in.mchili_ed. After baseline stabilization, the run was stopped and buffer
was changed from 1xPRS to 1xPBS-P+.

Binding constants of the antibodies were obtained by injecting at the following concentrations
from low to high: 0.15, 0.46, 1.37, 4.11, 12.33, 37, 111, and 333 nM in 1x PBS-P* at a flow
rate of 30 pL/min for 300 sec contact time and 600 sec dissociation phase. Three
regeneration cycles of the ligand surface were performed with 10 mM Glycine-HCI, pH 1.7. A
control antibody was run at the beginning and end in every flow channel to control ligand
stability. Kinetics were analyzed using a 1:1 fitting model (selecting global fit for Rmax and
local RI). Similar kinetic parameters (Ka, Kd and Kp) were also obtained with a 1:1 fitting

model obtained by selecting global fit for Rmax and constant RI.



Recombinant TDP-43 aggregation assay

Human TDP-43 C-terminally fused to maltose binding protein (MBP) separated by a Tobacco
Etch Virus (TEV) protease cleavage site was recombinantly produced in E. coli, aliquoted and
stored at -80°C. Storage buffer (20 mM Tris-Cl pH 8.0, 300 mM NacCl, 5% glycerol, 1 mM DTT)
was exchanged against assay buffer (30 mM Tris, 150 mM NaCl, pH 7.4) using Centrifugal
Filters and the protein concentration was determined by ultraviolet (UV) spectroscopy at 280 nm
(NanoDrop). TDP-43-MBP was diluted in assay buffer to a final concentration of 2.5 pM and
mixed with 2.5 uyM (or serial dilutions as indicated) TDP-43 m, h (ACI-5891, ACI-5886), or
isotype control (ACI-5986) in low binding tubes. Aggregation '7as ‘'nduced by addition of TEV
protease at a final concentration of 10 pg/mL. Aggregat'on vas monitored by absorbance
measurement at 600 nm in the center of the well every 1. min with 5 sec shaking before each
measurement over 24 h in technical triplicates. In orde: to ¢ onfirm TEV protease cleavage in the
presence of mAbs the samples were analyzed by imiaunodetection after 1.5 h and the
remaining TDP-43-MBP amount was determirad Four pL sample was mixed with 1 pL 5x
Mastermix and analyzed in a Separaton Mcdule using capillary electrophoresis (Jess,
Proteinsimple). ACI-5891 labeled with DyLig. 680 was used as detection mAb at 20 pg/mL.

For analysis, end points measured Ly alsorbance after 24 h and area under the curve (AUC)
over 24 h were normalized to ::otype control (ACI-5986) and % aggregated TDP-43 was
calculated for each mAb. Ti.» results measured by absorbance were confirmed by
sedimentation of aggregateu TD »-43 and quantification of TDP-43 in supernatant (S) and pellet
(P) by immunodetecti~n. Twe nty uL of each reaction was centrifuged after 24 h of aggregation
at 20,000xg for 30 min at 1°C, supernatant was collected, and the pellet was dissolved in 20 pL
PBS by sonication in a water bath. TDP-43 was quantified by immunodetection as described
above at 5 sec near-infrared (NIR) exposure and expressed as % aggregated TDP-43 in pellet.

mAb treatment and TDP-43 knock-down using siRNA in C17.2 and HEK-293 cells

One day following the plating, C17.2 and HEK-293 cells were treated with 30 nM of isotype
control, ACI-5886 or ACI-5891 for 48 hours, prior to RNA or protein analyses. As a positive
control for the functional assessment, depletion of the endogenous mouse (C17.2) or human
(HEK-293) TDP-43 was done using a specific siRNA (20 nM, (54) transfected with

Lipofectamine (Lipofectamine™ 2000 Transfection Reagent) for 48 hours, according to



manufacturer’s instructions and as previously described (54). The mouse and human TDP-43
sequences targeted by this siRNA are 95% identical with one mismatch (out of 21 nucleotides)
to the human TDP-43. Therefore, specific downregulation of human TDP-43 was also achieved
using the same siRNA sequence, as single mismatches are well tolerated and target sites
containing such mismatches are efficiently silenced (55).

siRNA sequences are provided below:

TDP-43 siRNA 5" -AGGAAUCAGCGUGCAUAUAUU-3.

Control siRNA 5-GUGCACAUGAGUGAGAUUU-3'.

For protein analysis, total cell lysates were prepared using FIPA buffer (Thermo scientific
reference 89900). Four uL of sample lysates were mixed w*~ 1 uL of 5x Mastermix and
analyzed in a separation module using capillary electrophoresis | '=,s, Proteinsimple). ACI-5891
labeled with DyLight680 was used as a detection mAl, ot 2.0 pg/mL. Consistent with the
manufacturer’'s observations, TDP-43 molecular weigr.. .'a. observed slightly higher than 43
kDa as compared to that seen on the conventional weste. " blots.

RNA extraction and quantitative reverse trai. xcription (RT)-PCR

Total RNA from C17.2 cells was obta.~er’ using RNeasy Plus Mini Kit according to the
manufacturer’s instructions. Complen.~ntary UNA was generated using oligo-dT primers and
Maxima H Minus reverse transcripta.e Maxima H minus First Strand cDNA Synthesis kit with
dsDNase) as instructed by the m-a.."falwrer. Selected TDP-43 splicing targets were tested by
RT-PCR amplification using 2¢ cycles with specific primers (Supplementary Table 3) using
Phusion Plus DNA polymerase (Phusion Plus PCR Master Mix). RT-PCR reaction products
were analyzed on 10% polyacrylamide gels following staining with SYBR Safe reagent
(Invitrogen). Quantifica..nn of distinct splice isoforms was done using Imaged software (US
National Institutes of HeZith). Ratios of intensity between RT-PCR products with exon inclusion
and exclusion were averaged for two biological replicates per condition.

TDP-43 immunodepletion from brain extracts

Sarkosyl-insoluble brain fractions (Sarko-spin) were prepared as in (28). Immunodepletion was
performed using Dynabeads® protein G magnetic beads. For a single reaction, 20 pL of beads
were used with 10 yg of antibody for 10 pg of sarkosyl-insoluble brain extracts (total protein).
Before addition of antibodies, beads were first rinsed twice with 500 uL PBS-0.05% Tween®-20
and then washed with 100 pL of PBS-0.05% Tween®-20. 100 pL of antibodies at 100 pg/mL in
PBS-0.05% Tween®-20 was used to re-suspend the beads. The beads/antibody reaction was



incubated for 1 hour at room temperature under constant rotation and shaking (HulaMixer™
Sample Mixer 15920D, Thermofisher). The beads/antibody complexes were rinsed twice with
PBS-0.05% Tween®-20 and once with PBS before addition of sarkosyl-insoluble brain extracts.
The pool of FTLD-TDP type A brain extract was diluted to 100 pg/mL. The beads/antibody
complexes were re-suspended using 100 pL of extract and incubated overnight at 4°C under
constant rotation and shaking. Supernatants were collected as immuno-depleted fractions using
the magnetic support and kept at -80°C until characterization by western blotting. Total TDP-43
or the 25 kDa CTF signal on western blot was detected with the C-terminal specific TDP-43
mAb ACI-5891, which has been shown to bind efficiently to both full-length and disease-related
C-terminal fragments. The signal of the TDP-43 bands was qu=nti’ad using ImageJ software
(US National Institutes of Health) and normalized to that of the ii.nut set at 100%.

Cell-based TDP-43 templated aggregation assay

Doxycycline inducible iGFP-NLSm cells (14) werr, . ansduced with the immunodepleted FTLD-
TDP sarkosyl-insoluble brain extract pool using Ab-ZCeliverIN™ (Al21000, OZ Biosciences). Ab-
DeliverIN™ (0.5 uL per well of a 96-well ¢ ate, was pre-mixed with the immunodepleted extracts
and incubated for 15 min at RT. Seventeen 1. icroliters of OPTIMEM per well were added onto
the mix. Twenty microliters of the res_*ior, were added in each well and incubated for 4.5 h at
37°C, 5% CO; in humidified atrosphkere. The media was exchanged for culture media
containing 1 yg/mL Doxycycline (L 0X).

In vivo efficacy studyv ir NE~H-hTDP-43NLSm (rNLS8) transgenic mice

Naive male and female W T and Tg mice were bred at PsychoGenics. NEFH-1TA (JAX 025397)
and hTDP-43ANLS (JAX 014650) mouse lines were on a hybrid C57BL6C3F1 background
strain and obtained from the Jackson Laboratory. Animals were assigned unique identification
numbers and housed in OptiMice ventilated racks. Since the historical data from this model was
limited, the recommendation described in the guidelines for preclinical animal research in
ALS/MND (56) was applied to inform the group size for the study to evaluate behavior, histology
and biochemistry readouts (n=15 for each sex). A total of 96 mixed gender mice were used in
this study. Prior to the initiation of the study, all animals were acclimated to the environment,
examined, handled, and weighed to ensure adequate health and suitability and to minimize non-

specific stress associated with manipulation. Mice were kept on chow which contained DOX



(200 mg/kg; Envigo Teklad DOX Diet, Product # TD.08839) during breeding and until the
weaned animals scheduled for testing reached 8 weeks of age, at which point they were placed

on regular chow.

Throughout the study, light/dark cycles (12/12), room temperature (20-23°C) and relative
humidity (around 50%), were maintained. Chow and water were provided ad libitum for the
duration of the study. When mice started to display movement difficulties, they were provided
with wet chow and hydrogel on the cage floor. All tests were performed during the animal’s light
cycle phase and all animal experiments performed at Psychogenics were conducted in
compliance with the NIH ethical regulations and standards for anii.>al research and welfare.

ACI-5891 (cross-reactive with human and mouse TDP-43) and ACI- 5886 (human-specific) were
provided as weekly aliquots and stored in -80°C freezer. O.' the day of injection, ACI-5891 (60
mg/kg), ACI-5886 (60 mg/kg) and vehicle were freshly prapared and administered i.p. weekly at
a dose volume of 10 mL/kg. The following buffer was u.=d is vehicle: 25 mM Histidine, 200 mM
Sucrose, 0.02% Tween®-80, pH 5.5. Dosing bec..> as soon as the antibodies were received.
DOX-containing chow was replaced with requi.” chow at the time of the first injection.
Specifically, upon receiving the first inje“.tior, the animal was returned to the home cage at
which point the DOX-containing chow was r.nlaced with regular chow. Hence, this time point
was designated as “0 Weeks off DOX”

In vivo efficacy study in Ca:mKk:'a-hTDP-43NLSm transgenic mice injected with FTLD-TDP

brain extracts

Double transgenic Can Xiu-hnTDP43NLSm animals were generated by crossing hemizygous
females (JAX Stock # * (650: B6;C3-Tg(tetO-TARDBP*)4Vle/J) with hemizygous males (JAX
Stock # 007004: B6.Cg-Tg(CamKlla-tTA)1Mmay/DboJ). Based on power calculations for
histological neuropathology evaluation from other models of neurodegeneration, a group size of
n=8-10 was predicted. 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. As no sex-specific differences in the
progression of pathology have been described in this model (14), this study was conducted in a
mixed sex cohort. A total of 52 mixed gender mice were used in this study. Housing conditions
were similar as previously described for rNLS8 mice. Breeders and mice were kept on 200
mg/kg DOX diet until 11 weeks of age. At 3 months-old, CamKlla-hTDP43NLSm mice were



deeply anesthetized with isoflurane and immobilized in a stereotaxic frame. Human sarkosyl-
insoluble extracts were sonicated prior injection in the dorsal hippocampus. Each injection site
(Bregma: antero-posterior: -2.5 mm; lateral: +2mm; dorso-ventral: -2.4 mm) received 2.5 pl of
sarkosyl insoluble human extract at a rate of 0.6ul/min with a 4 min rest period following
injection. One week later, weekly intraperitoneal injection of mAbs (60 mg/kg) started, for 13
consecutive weeks. 3 different antibodies were tested: ACI-5891, ACI-5891 effector-reduced
(ACI-58915R) and isotype control (IgG2a). Terminal collection was done 3 months post injection.

Human pTDP-43 specific AlphaLISA assay

Immunoassay for detection and quantification of pTDP 1? (,3409/S410) by AlphalLISA
technology was developed in-house using an AC Immitie > wroprietary antibody conjugated
with acceptor beads (ref. 6772002, Perkin Elmer) anc' ra. pTDP-43 pS409/410 mAb (829901,
BioLegend) biotinylated using the SiteClick™ Biotin .ntibody Labeling Kit (ref. S20033,
Invitrogen). A 384-well plate (light gray Alphapla e €705350, Perkin Elmer) was used and the
following reagents were added: 5 pL of tes* ~a,"oles and 20 pL of acceptor beads at 5 pg/mL
and biotinylated antibody at 1.25 nM. Afte. i*.cubation at room temperature for 1 hour, 25 L of
Streptavidin donor beads (Perkin Elme.} at 20 pug/mL were added, in the dark. The fluorescence
was read after 30 minutes of incub i, using the EnSpire Alpha instrument at 615 nm and
EnSpire workstation, version 4.13 1. =@ samples were tested in duplicates.

TDP-43 aggregates upt7.ac by mouse primary microglia

Microglia were plated a. 30,000 cells per well in growth medium and incubated for 48 h.
Immunocomplexes were prepared in basal medium at 2X final concentration by mixing
pHrodoTM labeled TDP-43 aggregates and different antibodies in a dilution plate (Eppendorf
96-well sterile) and incubating O/N at 4°C. The dilution plate was equilibrated at RT while the
cells were washed three times with basal medium. After the final wash, 100 pL of basal medium
remained on the cells to which 100 pL of pHrodoTM labeled TDP-43 aggregates from dilution
plate was added. Cells were immediately placed inside the Incucyte for live imaging of phase

contrast and green fluorescence for 24 h.

Generation of monocyte-derived microglia-like cells (MDM:i)



Peripheral blood mononuclear cells (PBMCs) from healthy and ALS donors were used to derive
microglia-like cells from monocytes following the protocol previously described (57). Briefly,
isolated monocytes from cryopreserved PBMCs (from 7 healthy and 2 ALS donors) were plated
at 100, 000 monocytes per well. Differentiation to MDMi was induced by incubation with IL-34
(100 ng/ml), GM-CSF (10 ng/ml), M-CSF (10 ng/ml), CCL2 (100 ng/ml) and NGFB2 (10 ng/ml)
in an incubator (37°C; 5% CO.,) for 10 days and without serum. Phagocytosis experiments using
pHrodo™ labeled TDP-43 aggregates were done similarly to the mouse primary microglia as
described above. The same ACI-5891 antibody was reformatted and produced as human IgG1
chimera and a human IgG1 isotype control was used.

Statistics

Graphs represent the means of all samples in each grcup - SEM or £ SD for in vivo and in vitro
experiments respectively. Sample sizes (n values) ana +tatistical tests are indicated in each
figure legend. Normal distribution of the samples 'ves “irst evaluated using a Shapiro-Wilk test (a
= 0.05). One-way ANOVA, two-way ANOV”. an' Student’s t-test were used as parametric tests
followed by a Tukey’s test for post-hoc ~nalysis when the ANOVA is significant. A non-
parametric Kruskal-Wallis test followeu hy a Dunn’s test for post-hoc analysis was used when
the normal distribution of the sample s v.o< not validated. Significance (two-tailed) is reported at
*p < 0.05, **p < 0.01, *™*p < 0.0C1 >nu ****p < 0.0001. Outliers in histological measurements
were excluded from the graphec ana analyses using a Grubb’s test with a = 0.05 or because of
technical reasons (blurred imag s, folding, disruption or similar based on remarks noted during
delineations). For the in sivc data shown in figure SE, a trend towards a decrease in pTDP-43
was observed based on ~ p-value of 0.0773 between the isotype control and ACI-5891 treated
groups (based on ANOvA followed by a Tukey test). This was further supported by the t-test
between these two equally sized groups. Similarly, for the data shown in figure S6E, even
though the difference between isotype control and ACI-5891 treated animals did not reach
significance (with one-way ANOVA followed by a Tukey’s test), the trend of increase in region
size was supported by a t-test between these two groups of equal size.
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Figure 1: Monoclonal antibodies bind with high affinity to TDP-43, show target
engagement on ALS and FTLD-TDP tissues and do not perturb TDP-43 function

(A) Binding of ACI-5891 (red), ACI-5886 (orange), and 2E2-D3 commercial TDP-43 antibody
(black) to human recombinant TDP-43 by ELISA. Optical density (OD) at 405 nm on y-axis is
shown for different antibody concentrations on the x-axis. (B) Top part: binding of ACI-5891 (left
panel) and ACI-5886 (right panel) to immobilized recombinant aggregated TDP-43 assessed by
SPR. Bottom part: binding of ACI-5891 Fab (left panel) and ACI-5886 Fab (right panel) to
immobilized full-length TDP-43 assessed by SPR. Response units (Y axis, in RU) are plotted
against time (X axis, in sec) for the following concentrations: 3.2nM (red), 6.3nM (green), 12.5
nM (blue), 25 nM (purple), 50nM (light blue) and 100 nM (yeho.. The graphs present an
overlay of sensorgrams (in color) and kinetic fit (in black). (C) Immunodetection following
capillary electrophoresis of total cell lysates with TDP-43 an iboc ies (ACI-5891, ACI-5886 and a
commercial mAb) and B-tubulin (lower panel), showing snedificity of TDP-43 mAbs resulting in a
reduction of signal upon siRNA mediated downregulaticon i TDP-43 in HEK-293 cells. (D) ACI-
5891 and ACI-5886 labels pathological TDP-42 .~clusions (red arrows) as well as nuclear
physiological TDP-43 (black arrows) in postmor en. “uman tissue sections from FTLD-TDP type
A, B or C cases (temporal cortex) and ir spi'.al cord from an ALS case. Scale bar 50 um. (E)
Immunoblot using ACI-5891 (left) and ACI-5C36 (right) on sarkosyl-insoluble extracts prepared
from brains (frontal cortex) of patient= with FTLD-TDP type A, B or C pathology or a control
donor. Four micrograms (ug) of tofal p of2in in sarkosyl-insoluble extracts were loaded for each
lane. Molecular weight marker o shown on the left (kDa). Arrow indicates the expected
molecular weight for TDP-43. Rrace indicate expected molecular weight for TDP-43 C-terminal
fragments. (F) Semi-quartta. . RT-PCR analysis of alternative splicing for selected TDP-43
targets (Sort1, Dnjacw, E*4Fk, Sema3F and Poldip3) in C17.2 cells treated with siRNA control,
siRNA TDP-43, IgG2a sc.ype control, ACI-5886 and ACI-5891. Left panel depicts alternatively
spliced exons (grey) flanked by their constitutive exons (white). Right panel shows
representative polyacrylamide gel images of semi-quantitative RT-PCR products for all
conditions. (G) Quantification of splicing changes plotted as the ratio of exon inclusion/exclusion
(y-axis) against different treatment conditions (x-axis) averaged from two biological replicates
and normalized to the ratio obtained for not treated (NT) cells that is arbitrarily set to 100.

Full gels corresponding to Fig. 1C and Fig. 1F and shown in Fig. S8A and Fig. S8B,
respectively.



Figure 2: ACI-5891 inhibits TDP-43 aggregation in vitro in a dose-dependent manner

(A) TDP-43 de novo aggregation upon cleavage of MBP-tag was analysed in the absence or
presence of mAbs. Representative aggregation kinetics in the presence of 2.5 uM ACI-5891,
ACI-5886 or isotype control equimolar to TDP-43 concentration are shown. Condition without
TEV protease shows baseline aggregation. Inhibition of aggregation in the presence of mAbs
measured by absorbance (y-axis). (B) For quantification, data in the presence of mAbs for the
24 h time-point were normalized to the isotype control and presented as aggregated TDP-43
signal measured by absorbance. Data shown as mean + standard deviation (SD) and a Kruskal-
Wallis test followed by a Dunn’s test for multiple comparisons \@s used (**p < 0.01). (C) For
ACI-5891, response curves at different mAb concentrations chovyn as a mean value of
absorbance measured up to 2 h. Data shown as mean = SND. ‘") A concentration response
curve was generated with the mean absorbance va'ue~ 'neasured at 1.5 h for each
concentration tested in (C). Data shown as mean + SD.

Figure 3: ACI-5891 inhibits seeded agare: ativ.: induced by FTLD-TDP brain derived

extracts

(A) Representative image of TDP-45 immunoblots from FTLD-TDP brain-derived extracts
following immunodepletion by eithe  'a'-5891, ACI-5886 or isotype control. Detection was
performed using ACI-5891 antibo ly. (B-C) Quantification of either full-length TDP-43 (B) or C-
terminal fragments (C) immuncdepietion using data from western blot (A). Data plotted for
isotype control (open bars, -~olia circles), ACI-5891 (dotted bars, solid triangles) and ACI-5886
(striped bar, solid sqgLares) are normalized to input. (D) Immunofluorescence images
representative of the efic <t of mAbs on TDP-43 templated aggregation in the cell model. Cell
nuclei were labeled with DAPI (blue) and pTDP-43 (red) and GFP-TDP-43NLSm (green,
intrinsic GFP fluorescence). Colocalization between GFP-TDP-43NLSm and pTDP-43 shown in
yellow (white arrows). Scale bar = 100 um. (E) Area of pTDP-43-positive aggregates co-
localized with TDP-43-GFP signal in different conditions following immunodepletion with either
isotype control mAb, ACI-5891 or ACI-5886 are plotted on y-axis. A Kruskal-Wallis test followed
by a Dunn’s multiple comparisons test was used for B and C and a one-way ANOVA followed
by a Tukey post-hoc test for multiple comparison was used for E. *p < 0.05; **p < 0.01. Data is
shown as mean = SD. Each point represents a biological (B-C) or technical replicate (E).

Experiment described in (E) was independently replicated.



Figure 4: Systemic administration of ACI-5891 reduces neuropathology in rNLS8 mice

(A) Pharmacokinetic (PK) profiles of ACI-5891 and ACI-5886 after a single-dose intraperitoneal
(i.p.) injection in females CD-1 mice. Plasmatic concentrations (y-axis) at various timepoints (x-
axis) shown. N=3 mice per group.

(B) Schematic representation of dosing regimen in the in vivo study to evaluate the efficacy of
TDP-43 antibodies in rNLS8 mice. DOX=doxycycline.

(C) Representative images of pTDP-43 (pS409/pS410) pathology .~ brain cortex of rNLS8 mice
vehicle group. Sections were stained with GFAP (blue), TDP 43 red), pTDP-43 (green) and
DAPI (white). High magnification image of a defined cortic il re jion (white box) is shown with
pTDP-43 inclusions indicated by green arrows. Scale bars 2> mm and 50 um (inset).

(D) pTDP-43 (pS409/pS410) positive object density (nu:~Ler/mm?) was measured in the cortex
of rNLS8 mice treated with vehicle (open bar with sc.iA circles, n=27), ACI-5891 (dotted bar with
solid triangles, n=23) or ACI-5886 (striped bar . ith solid squares, n=12). Each value represents
the mean object density of 7 different sec..~n’, per mouse.

(E-G) AlphaLISA counts for pTDP-43 (E, and TDP-43 (F-G) from both RIPA-insoluble (E-F) and
RIPA-soluble (G) fractions of rNLS8 i1i.e cortices treated either with vehicle (open bar with solid
circles, n=20-22), ACI-5891 (dott~d bor with solid triangles, n=22-23) or ACI-5886 (striped bar
with solid squares, n=12).

(H) Representative imag~2 o. microglial morphology (lbal immunostaining) in mouse brain

cortex of the 4 groups . ve.*~usly defined. Scale bar = 100 pum.

(I-K) Quantification of mean Ibal immunoreactive cell size in the cerebral cortex. ACI-5891
(dotted bar, solid triangles) but not ACI-5886 (striped bar, solid squares) treatment significantly
increased the size of large ramifying cells compared to vehicle (open bar, solid circles). A one-
way ANOVA followed by a Tukey post-hoc test for multiple comparison was used for D-K. *p <
0.05, **p < 0.01, **p < 0.001, ****p < 0.0001, ns — not significant. Data represent mean + SEM.

Figure 5: Systemic administration of ACI-5891 confers neuroprotection in CamKlla-hTDP-
43NLSm mice induced by FTLD-TDP brain-derived seeds



(A) Study design for intrahippocampal inoculation of FTLD-TDP brain extracts and weekly
antibody injections in CamKlla-hTDP-43NLSm mice. Mice were kept on DOX until 11 weeks of
age. FTLD-TDP extracts were injected unilaterally in dorsal hippocampus one week after DOX
withdrawal, followed by weekly intraperitoneal injection of mAbs for 13 consecutive weeks.

(B) Representative images for NeuN (cyan) and pTDP-43 (red) from mice injected in
hippocampus (the white arrow represents the needle track in the ipsilateral side). Scale bar =
100 pm.

(C) Representative images of NeuN immunostaining in the ipsilateral dentate gyrus of non-
inoculated and inoculated (FTLD-FTD extracts) mice treated with v ~hicle, isotype control, ACI-
5891 or ACI-5891FF (effector-reduced). Yellow circles indicate the outer shell of the dentate

gyrus granular cell layer where neurodegeneration is observ xd.

(D) Number of NeuN-positive neurons in the ipsilateral ser.*awe gyrus of the mice inoculated with
human FTLD-FTD extracts and treated with isotype cc 'trol (n=8), ACI-5891 (n=10) or ACI-
5891% (n=10) in addition to non-inoculated (n=4), ve.n'cle (n=4) groups.

(E) pTDP-43 object density normalized to *ne wn.ber of NeuN-positive neurons in the ipsilateral
dentate gyrus of the mice inoculated with i.'man FTLD-FTD extracts and treated with either
isotype control, ACI-5891 or ACI-5891F".

(F) lba1-positive object density g.antiicd in the ipsilateral dentate gyrus of the same groups
previously described.

(G) pTDP-43 object density (v a us) plotted against lbal object density (x axis) in the ipsilateral
dentate gyrus of the *hre=2 m ce groups (Dashed, solid or dotted lines for isotype control, ACI-
5891 and ACI-5891F gro.'ps respectively). Linear regression with trendline is indicated for each
group. Pearson correlation: isotype control: r’=0.2312, p=0.2278 and y=0.1799x-127; ACI-5891:
r?=0.7335, p=0.0032 and y=-0.2621x+358; ACI-5891": r?=0.3773, p=0.0784 and y=0.2015x-
162.

The ipsilateral dentate gyrus was used for C-G. A one-way ANOVA followed by a Tukey’s post-
hoc test for multiple comparison was used for D, E, F. *p < 0.05. A Student-t test was performed
for indication where *t is indicated. Bars show mean + SEM.

Figure 6: ACI-5891 promotes phagocytic clearance by microglia in vitro



(A) Representative images of uptake of pHrodo™-labeled recombinant TDP-43 aggregates by
mouse primary microglia treated with either isotype control, ACI-5891 or ACI-5891 effector
reduced antibody. Scale bar 100 um.

(B) Integrated intensity of fluorescent pHrodo™ -labeled TDP-43 internalized over time in mouse
primary microglia after incubation with ACI-5891 (triangles), ACI-5891 effector-reduced
(squares), isotype control (circles) or TDP-43 alone (asterisk). Data represent mean = SD and

are representative of four independent experiments.

(C) Scheme of differentiation of cryopreserved PBMCs from healthy (n=4) and ALS (n=2)
donors to human monocyte-derived microglia-like cells (MDMi).

(D) Representative images of uptake of pHrodo™-labeled r~2~1.2inant TDP-43 aggregates by
healthy or ALS MDMi cells treated with either isotype conttl < chimeric version of ACI-5891.

(E) Integrated intensity of fluorescent pHrodo-labelec TD}-43 internalized over time in MDMi
cells after incubation with ACI-5891 (triangles) isutype control (circles) or TDP-43 alone
(asterisk). Data represent mean £ SD and are ey “ecentative of two independent experiments.
Scale bar 100 um.

A two-way ANOVA followed by a Tuke,” bost-hoc test for multiple comparison was used for
statistical analysis. Only significance "& “vecn ACI-5891 and ACI-5891FF for (B) and between
ACI-5891 and Isotype control for (-, we 2 reported on the graphs. **p < 0.01, ***p < 0.001, ****
p<0.0001, ns — not significant.

Figure 7: Proposed n.~ac ~ ¢ action of TDP-43 immunotherapy

Passive immunotherapy reduces TDP-43 pathology in vivo by a combination of various mutually
non-exclusive mechanisms. Misfolded TDP-43 released by diseased neurons is captured by
antibody in the extracellular space preventing the spread of TDP-43 pathology to a healthy
neuron. Moreover, TDP-43 antibody enhances the phagocytic clearance of extracellular
misfolded TDP-43 by microglia.
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NBD-22-842 Highlight

» ACI-5891 binds to C-terminal domain of TDP-43 with picomolar affinity

= ACI-5891 depletes pathological TDP-43 seeds from patient brain extracts

= ACI-5891 lowers neuropathology and shows neuroprotection in mouse models of
ALS/FTD

= ACI-5891 exploits Fc gamma receptor-mediated clearance mechanisms for efficacy

» ACI-5891 ameliorates phagocytic function of ALS patient-derived microglia
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