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Tau proteins aggregate into filaments in brain cells in Alz-
heimer’s disease and related disorders referred to as tauopa-
thies. Here, we used fragments of camelid heavy-chain-only
antibodies (VHHs or single domain antibody fragments) tar-
geting Tau as immuno-modulators of its pathologic seeding.
A VHH issued from the screen against Tau of a synthetic
phage-display library of humanized VHHs was selected for its
capacity to bind Tau microtubule-binding domain, composing
the core of Tau fibrils. This parent VHH was optimized to
improve its biochemical properties and to act in the intra-
cellular compartment, resulting in VHH Z70. VHH Z70 pre-
cisely binds the PHF6 sequence, known for its nucleation
capacity, as shown by the crystal structure of the complex.
VHH Z70 was more efficient than the parent VHH to inhibit
in vitro Tau aggregation in heparin-induced assays. Expression
of VHH Z70 in a cellular model of Tau seeding also decreased
the aggregation-reporting fluorescence signal. Finally, intra-
cellular expression of VHH Z70 in the brain of an established
tauopathy mouse seeding model demonstrated its capacity to
mitigate accumulation of pathological Tau. VHH Z70, by tar-
geting Tau inside brain neurons, where most of the patholog-
ical Tau resides, provides an immunological tool to target the
intra-cellular compartment in tauopathies.

INTRODUCTION

In neurodegenerative disorders, immunotherapy is currently actively
explored as a disease-modifying treatment. Improving immunolog-
ical tools to treat these disorders is thus a key challenge. Next to clas-
sical vaccination or the use of immunoglobulin (Ig) in passive
immunotherapies, new approaches are now available. The Fv variable
domains, which determine antibody specificity, can now be expressed
independently of the Ig framework. These fragments—as single chain
fragments of the Fv in scFvs or single domain fragments in VHHs'
(Variable Heavy-chain of the Heavy-chain-only antibodies)—can
be engineered to be active intracellularly. Such immunological tools
are likely to be useful given that the protein aggregates in neurodegen-

erative proteinopathy disorders are mostly found within neuronal
cells.” In this work, we have explored the use of VHHs in one group
of these disorders, referred to as tauopathies.

Aggregation of the intrinsically disordered neuronal Tau protein to
form fibrillar amyloid structures is related to these tauopathies,
including the most prevalent, Alzheimer’s disease (AD). AD is char-
acterized by both extracellular amyloid deposits made of AB (amy-
loid) peptides and intra-neuronal neurofibrillary tangles (NFTs)
formed by Tau protein aggregates.’ In the pathological context, Tau
is the principal component of paired helical filaments (PHFs) and
straight filaments,”> which form the intra-cellular fibrillar deposits
leading to the neuropathological lesions. In addition, it has been pro-
posed that extracellular pathological Tau species are taken up in cells,
leading to intra-cellular Tau seeding and the polymerization
process.” ® Intervention strategies based on the amyloid cascade hy-
pothesis had, up to date, limited success despite their being the pri-
mary target of clinical assays.” In AD, the severity of cognitive decline
is better correlated with the evolution of NFTs than amyloid de-
posits.'””'* In other tauopathies, no amyloid deposition is observed.
This emphasizes the need to pursue other biological hypotheses
than the amyloid cascade, including Tau-based ones, in search for dis-
ease-modifying treatments for tauopathies.

The compelling results of immunotherapies directed against Tau in
several transgenic (Tg) mouse models of tauopathies, in decreasing
Tau accumulation and in some cases ensuring recovery of cognitive
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or motor functions,> 2° have motivated several pharmaceutical com-
panies to launch clinical trials of active and passive immunization, the
latter with various Tau-specific monoclonal antibodies.”"**
advances in the field still require deciphering key aspects of efficient
Tau-specific immunotherapies and to develop their full potential to
target tauopathies. The road to anti-Tau immunotherapies is opened
based on the evidence of both Tau seeding capacity and Tau propa-
gation.”” *° Yet, most pathological Tau assemblies remain intra-
cellular in the cytoplasm, where it is not the primary target of
Tau-specific conventional immunotherapies using Ig. In addition,
the extracellular Tau could, at least partly, remain unattainable to
Tau-specific antibodies, as would be the case for Tau in extracellular
7% or nanotubes.”” Finally, the propagation pattern related
to extracellular Tau, clearly defined in AD, could also be less relevant
in pure and more acute tauopathies, for which the time frame re-
strains the propagation.”” In these latter cases, the rational to target
extracellular Tau is weaker.

However,

vesicles

Further exploring the capacity to use immunotherapies targeting the
intra-neuronal Tau has thus become an important challenge. With
that in mind, we have chosen VHHs, commonly called nanobodies,
to target original epitopes of Tau, and to optimize their intra-cellular
activity. VHHs consist of a unique heavy chain that corresponds to
the variable heavy chain from Camelidae Igs." The interest of using
the VHHs instead of the classical antibodies stand in their easy gen-
eration, from a synthetic library, involving no animal handling, their
selection using phage display, their production in periplasm of bacte-
ria, as well as the multiple possibilities offered by modification using
protein engineering.’® They can be modified to penetrate into the
cytoplasm of cells,’’>> or to be expressed inside the cells,”> and
bind specifically to their target epitope. In addition, VHHs showed
their potential as diagnostic tools to target NFTs with an affinity
and specificity very close to antibodies already used for detecting these
pathologic features by immunochemistry, opening the way for new
probes in in vivo imaging experiments.”* As demonstrated with
scFvs,” > ¢ we here showed that it is also possible to select, to optimize,
and to consider VHHs as therapeutic tools in tauopathies.

Besides the Tau location targeted by the VHHS, the epitope recogni-
tion is another parameter of crucial interest to mitigate the seeding
and polymerization of the intra-cellular Tau. Tau can be divided
into four domains comprising the N-terminal domain (N1-N2), the
proline-rich domain (P1-P2), the microtubule-binding domain
(MTBD) constituted itself of four partially repeated regions, R1 to
R4, and the C-terminal domain (Figure 1B scheme). Two homolo-
gous hexapeptides named PHF6* (,;5VQIINK,g,) and PHF6
(306 VQIVYKS3:1), located respectively at the beginning of R2 and R3
repeat regions (Figure 1B scheme) of Tau MTBD, are nuclei of Tau
aggregation.”’

Taking that into consideration, a Tau-specific VHH targeting the
MTBD was selected from a screen of a humanized naive synthetic li-
brary initially performed to obtain VHHs targeting the different Tau
domains. In addition, we optimized this parent VHH by a yeast two-
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hybrid approach to obtain VHH Z70, which efficiently binds Tau
once expressed in the intra-cellular environment. VHH Z70
decreased Tau fibrils assembly in vitro and in HEK293 seeding-re-
porting cellular model. After transduction by lentiviral vectors
(LVs) in the hippocampal formation of a tauopathy mouse model,
the expressed VHH Z70 significantly reduced Tau seeding induced
by human AD brain homogenates. Z70 antibody fragment thus pro-
vides an immunological tool to target Tau in cells and to open the way
for future gene therapy.

RESULTS

Identification of synthetic VHHs directed against Tau
microtubule-binding domain

To generate original VHHs targeting various Tau domains, 20 clones
resulting from the screen of a synthetic phage-display library of hu-
manized llama single-domain antibody™® against recombinant Tau
protein (Tau 2N4R longest isoform) were initially selected for further
analysis. Definition of the region recognized by each of these VHHs
was a first step in assessing their properties. Resonance perturbation
mapping in 'H, N HSQC spectra of '’N-Tau, obtained by nuclear
magnetic resonance (NMR) spectroscopy, allowed defining of the
various binding regions of the VHHs along Tau sequence. Compari-
son of the spectra of Tau alone in solution or in the presence of a
VHH identified the spectral perturbations that are used to define
the binding region. The initial screening of the different clones
showed recognition of five different regions of Tau from the pro-
line-rich region to the C-terminus (Figures 1 and SI). We have
previously described the series of Tau-specific VHHs targeting the
C-terminus of Tau, and parent VHH F8-2, which shows interesting
properties as a molecular tool to detect Tau in research experiments.
Nevertheless, F8-2 has no capacity to interfere with Tau seeding and
polymerization.”

Interestingly, one VHH, named VHH E4-1, affected resonances in the
Tau spectrum corresponding to residues within the R2-R3 repeats of
the MTBD (Figure 1). The binding mapping was confirmed using a
Tau fragment that corresponded to the isolated MTBD. The smaller
size of this Tau fragment (124 amino acid residues instead of 441)
resulted in fewer resonances and less resonance overlap in the corre-
sponding Tau[244-368] H, °N spectrum, facilitating the identifica-
tion of the binding region (Figures S2 and S3). The affected
resonances corresponded to amino acid residues located in a stretch
expanding from residue V275 to K317, including the two aggregation
nuclei PHF6* and PHF6 (Figure S3B). VHH E4-1 thus binds within
the R2-R3 repeats of the MTBD.

Optimization of parent VHH E4-1 into variant VHH 270

An important property of the VHHs is their capacity to be expressed
and to recognize their target in the cellular environment. However,
some VHHs might be ineffective in binding once expressed in a cell
due to their improper folding leading to aggregation or instability.*’
For instance, VHH E4-1 did not bind Tau in yeast two-hybrid assays
that require the interaction to take place in the yeast nucleus,
providing an evaluation of VHH E4-1 intra-cellular binding
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Figure 1. VHH E4-1 binds to the MTBD of Tau
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(A) Overlay of 'H, "®N HSQC two-dimensional full spectra and enlargements of free full-length Tau2N4R (in red) or Tau2N4R mixed with non-labeled VHH E4-1 (in blue) (n = 1).
In the spectrum of Tau in the presence of VHH E4-1, multiple resonances are broadened beyond detection compared with the Tau control spectrum. (B) Normalized NMR
intensities (I/10) along the Tau sequence with (I0) and (I) corresponding to the resonance intensity when Tau is free in solution or mixed with equimolar quantity of VHH E4-1 (),
respectively. The normalized intensity ratios (I/10) plot allowed the identification of the Tau MTBD domain as the target of VHH E4-1 interaction. A red double-arrow indicates
the region containing the corresponding major broadened resonances, which was mapped to the R2-R3 repeats in the MTBD. N1 and N2 are two inserted sequences in the
N-terminal domain (1-163) that are not present in all Tau isoforms (named Tau ON, Tau 1N or Tau 2N), the proline-rich domain is subdivided in P1 and P2 regions, the MTBD
consists of four partially repeated regions, R1 to R4 (in Tau 4R). The R2 repeat is not present in Tau 3R. C-ter is for the C-terminal domain.

capacity"' (Figure 2A). VHH E4-1 was thus next submitted to an orig-
inal round of optimization, using the yeast two-hybrid system, to
maximize its capacity to recognize its target when expressed in a
cellular environment. First, we built a cDNA mutant library by
random mutagenesis, targeting the whole sequence of VHH E4-1 to
produce a variety of VHH preys (VHH-Gal4-activation domain
fusion) against the Tau bait (LexA-Tau fusion). The library of 1.5
million variants was transformed in yeast and screen by cell-to-cell
mating to get positive colonies under the pressure of selection condi-
tions corresponding to undetected VHH E4-1-Tau interaction (Fig-
ure 2A). A single optimized variant named VHH Z70 was obtained,
resulting from 4 mutations G12V, P16S, T81M and W114G located
in the framework domains (FR) (Figure 2B). Fluorescence imaging
of HEK cells expressing mCherry-VHH E4-1 showed focal inclusion
bodies illustrated by the detection of fluorescent puncta aggregates
(Figures 2C and S4). In contrast, most cells transfected with
mCherry-VHH Z70 construct clearly showed the intracellular solubi-
lity of VHH Z70 because a homogeneous strong fluorescence signal
filled the cells (Figures 2D and S4). The optimization of parent

VHH E4-1 for intracellular applications thus succeeded in providing
VHH Z70 that had significantly better stability in cells (Figure 2E).
Location of the four stabilizing mutations outside the recognition
loops (CDR) (Figure 2B) suggests that the epitope recognized by
the VHH Z70 mutant is unaltered. Conservation of the binding re-
gion was confirmed by NMR perturbation mapping, using labeled
Tau and MTBD in the same manner as for the parent VHH E4-1 (Fig-
ures S5 and S6). Interactions of VHH E4-1 and VHH Z70 with full-
length Tau2N4R were further characterized using surface plasmon
resonance spectroscopy (SPR) with biotinylated-Tau immobilized
at the surface of a streptavidin-functionalized chip. The assay pro-
vided the kinetic parameters of the interactions, characterized by
dissociation constants Kd of 345 nM for VHH E4-1 (Figure 2F)
and Kd of 147 nM for variant VHH Z70 (Figure 2G). VHH Z70, opti-
mized for intra-cellular activity, had a better affinity for its target than
its parent VHH E4-1, the major optimization concerning the associ-
ation constant (k,,,) (Figure S7). SPR was additionally performed with
biotinylated VHH Z70 immobilized on the chips. A Tau peptide
[273-318] corresponding to the NMR-identified VHH binding site,
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from a small-scale cell-to-cell mating screen.
Comparison of the Tau prey fragment sequences
corresponding to these 90 interactions identified
peptide 30sSVQIVYKPV 3,3 as the minimal com-
mon recognition motif of Tau that VHH Z70 can
bind (Figure S8). The sequence is localized in the
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fused to a SUMO domain to improve its solubility, was injected into
the flux. VHH Z70 interacted with the fused peptide with a Kd of
21 nM (Figures 3A and S7), confirming that this peptide in Tau
sequence was self-sufficient for VHH-Z70 binding.

Identification of the minimal tau epitope recognized by VHH Z70

To determine the minimal sequence that VHH Z70 binds within the
R2-R3 Tau repeats, an epitope mapping was performed using yeast
two-hybrid (267 x 10° tested interactions) with VHH Z70 as bait
(LexA-VHH fusion) against a library of Tau fragments as preys
(GAL4 activation domain-Tau fragments fusion). Ninety positive
clones were selected for their growth in the selection conditions,
evidencing binding of VHH Z70 to Tau fragments of various length,
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Time (s)
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R3 repeat of the MTBD domain and contains the
PHF6 peptide 30sVQIVYK;;;. We next used
Tau2N3R isoform that lacks the R2 repeat and
so does not contain the PHF6* peptide, to confirm that the R3 repeat
that contains the PHF6 peptide was sufficient for the interaction. As
observed in the NMR intensity profile, the interaction of VHH Z70
with Tau2N3R is maintained, and the most affected resonances in
the Tau NMR spectrum corresponded to the PHF6 residues in the
R3 repeats (Figure S9), confirming that PHF6* is not necessary for
VHH Z70 binding to Tau. In the yeast two-hybrid system, we next
used chimeric constructs of the MTBD that have been modified to
display two PHF6 or two PHF6* instead of the wild-type PHF6 and
PHF6* (Figures 3B and S10A). VHH Z70 did not interact with
chimeric MTBD with two PHF6* (PHF6*x2) in yeast (no growth
on selective medium), whereas it did interact with Tau and chimeric
MTBD with two PHF6 (PHF6x2) (Figure 3B). VHH Z70 was thus not
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Figure 3. The PHF6 peptide sequence is essential for VHH Z70 binding to Tau MTBD
(A) Sensorgram (reference subtracted data) of single-cycle kinetics analysis performed on immobilized biotinylated VHH Z70, with five injections of peptide Tau[273-318]
fused at its N-terminus with the SUMO protein (n = 1) at 31.25 nM, 62.5 nM, 125 nM, 250 nM, and 500 nM. Tau peptide sequence and, kon, Kofr, and Kd are included in the
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able to bind the double PHF6* construct, in conditions corresponding
to positive binding to Tau or to the double PHF6 chimeric MTBD.
SPR was additionally performed with biotinylated VHH Z70 immo-
bilized on the chip while the MTBD or each of these chimeric con-
structs was injected in the flux. VHH Z70 interacted with the
MTBD or the chimeric MTBD with two PHF6 with Kd of 146 nM
and 34 nM, respectively (Figures S10B and S10C), while interaction
with the PHF6* is characterized by a Kd of 398 nM (Figure S10D).
The rate of dissociation (koff) was the major parameter that explained
the Kd differences (Figure S7). In conclusion, the epitope of the VHH
Z70 was defined as the PHF6 sequence by several concurring ap-
proaches and in in vitro conditions, residual interaction of VHH
Z70 is detected with the PHF6* sequence.

Structure of VHH Z70 in complex with a PHF6 peptide

To obtain further atomic details on the PHF6 recognition by VHH
Z70, the structure of the complex between VHH Z70 and a Tau
[301-312] peptide, including the PHF6 sequence, was solved by
X-ray crystallography at a resolution of 1.7 A. Structure of this com-
plex clearly demonstrates the direct interaction of residues from the
CDR3 loop with each residue of the PHF6 sequence. The complex as-
sembly is characterized by the formation of a three-stranded B-sheet
formed by two strands from the CDR3 folded in a B hairpin and one
strand formed by the PHF6 sequence that adopts an elongated
conformation (Figures 3C and S11A; Video S1). CDR1 and CDR2
loops are not participating directly in the interaction but we cannot
exclude that they might be involved in the interaction with full-length
Tau. A mean interface area of 480 A? (PDBePISA) was calculated
from the 526 A* of buried accessible surface area of the peptide
(38% of total peptide surface, residues 305 to 312) and the 434 A®
of buried accessible surface area from the VHH (7% of total, residues
39, 47-49, 63-65, 68, 104-110) (Figure S11B). Residues 111 to 115 of
VHH Z70 were not resolved, indicating a high degree of flexibility of
this region corresponding to the last two residues of CDR3 and the
first three residues of FR4. One of the mutations (W114G) that distin-
guished VHH E4-1 from VHH Z70 was in this segment, indicating
that the observed flexibility might be important for CDR3 posi-
tioning. The interaction with the CDR3 is stabilized by formation
of five intermolecular hydrogen bonds (Figure S11C) involving atoms
of the backbone of PHF6 peptide, residues S305 to P312, through a
B-augmentation mechanism (Figure 3C). Structure of the complex
confirmed that the S305 to P312 sequence was sufficient for VHH
Z70 binding, although binding might also be partly context-depen-
dent and optimal when the recognition segment is embedded in the
full-length protein (or at least MTBD).

Molecular Therapy

Inhibition of in vitro Tau aggregation

VHH E4-1 and VHH Z70 recognizing Tau peptide PHF6, which is
known to nucleate the aggregation process and to form the core of
Tau fibers, were assayed for their capacity to interfere with Tau
in vitro polymerization. The assays were carried out with recombi-
nant Tau protein in the presence of heparin, using thioflavin T as a
dye whose fluorescence is increased in the presence of aggregates (Fig-
ure 4). Negative and positive controls consisted of Tau without or
with heparin, respectively. An additional control was performed in
the presence of VHH F8-2, a VHH issued from the initial phage-li-
brary screen (Figure S1), which targets Tau C-terminal domain.”
At 10 uM of Tau, the observed amount of aggregates was maximal
(defined as 100%) for the positive control (Tau with heparin, blue
line) after 8 h of incubation at 37°C, while no fluorescence change
was detected for the negative control (Tau without heparin, black
line) (Figure 4). At equimolar concentration of Tau:VHH F8-2, the
fluorescence signal reached 91.2% (+3.8%), showing that VHH
F8-2 did not affect the aggregation of Tau (Figure 4A, orange line).
In contrast, at a molar ratio of 1:0.25 Tau:VHH E4-1, the maximal
fluorescence signal reached 86.9% (+2.4%). In addition, about 3.8 h
were needed to gain 50% of maximal signal, compared with 2.5 h
for the positive control, showing a slower aggregation kinetic in the
presence of VHH E4-1 (Figure 4B, green line). At a 1:1 Tau:VHH
E4-1 molar ratio, the fluorescence signal only reached 58.3%
(£3.9%) and more than 12.8 h were necessary to gain 50% of maximal
signal (Figure 4B, orange line). VHH Z70 had an even stronger inhi-
bition effect on the aggregation of Tau than the parent VHH E4-1. At
a 1:1 Taw:VHH Z70 molar ratio, the maximal fluorescence signal
barely reached above the negative control level, at 4.1% (+0.1%) (Fig-
ure 4C, orange line). The link between the thioflavin T fluorescence
measurements in our assays and the formation of Tau fibrils at the
endpoint of each aggregation assay was confirmed by transmission
electron microscopy imaging (Figure S12). Whereas no fibrils were
detected without heparin (Figure S12A, negative control), large
amounts were observed for Tau in the presence of heparin only (Fig-
ure S12B, positive control) or in the additional presence of VHH F8-2
(Figure S12C). Shorter filaments were detected with VHH E4-1 (Fig-
ure S12D) and practically none with VHH Z70 (Figure S12E). In
conclusion, parent VHH E4-1 and its optimized variant VHH Z70
have both the capacity to interfere with Tau fibrils assembly in vitro.

Inhibition of Tau seeding in FRET biosensor reporter cells

The capacity of VHH Z70 and its parent VHH E4-1 to block Tau
seeding by using the HEK293 Tau RD P301S FRET Biosensor re-
porter cell line model was next investigated. This cell line

table in Figure S7. Black lines correspond to the fitted curves, red lines to the measurements. (B) Results from yeast two-hybrid. The VHH are expressed as preys, with a
C-terminal Gal4-activation domain fusion (VHH-Gal4AD) and TauON4R/MTBD as bait with a C-terminal fusion with lexA (TauON4R/MTBD-LexA). A growth test on
nonselective medium (upper panel Growth, lacking only leucine and tryptophane) or on selective medium (lower panel Interaction, lacking leucine, tryptophane, and histidine)
was performed of the diploid yeast culture expressing both bait and prey constructs. Positive and negative controls of interaction consist respectively in Smad/Smurf
interaction and Tau or chimeric MTBD alone (empty vector). (C) Ribbon representation of the crystal structure of the complex between VHH Z70 and the PHF6 peptide. The
CDR1, CDR2, and CDR3 loops of VHH 70 are colored in pink, in dark blue, and in red, respectively. Framework regions of the VHH are represented in green and the PHF6 Tau
peptide in cyan. The right panel shows the five intermolecular H-bonds (dashed blue lines) between VHH Z70 and Tau peptide. See Figure S11 for 90°-rotation view and

surface representation.
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Figure 4. VHH E4-1 and VHH Z70 inhibit in vitro Tau
aggregation

Aggregation of Tau (10 uM) in the absence of heparin (black
curve), in the presence of heparin and of increasing con-
centration of (A) VHH F8-2, (B) VHH E4-1, and (C) VHH Z70
(0, 1, 2.5, 5, and 10 uM) monitored by Thioflavin T fluores-
cence at 490 nm (n = 3). Error bars: SEM.
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constitutively expresses Tau RD (MTBD), with a P301S mutation,
fused to either CFP (Cyan Fluorescent Protein) or YFP (Yellow Fluo-
rescent Protein) that together generate an FRET (Forster Resonance
Energy Transfer) signal upon MTBD-P301S polymerization.*’ The
MTBD-P301S contains the PHF6 peptide 30VQIVYKS3,; identified
as the recognition sequence of VHH-Z70."> In basal conditions,
FRET signal is not detected by flow cytometry (Figure 5A, vehicle).
The intra-cellular polymerization of MTBD-P301S protein is induced
by treating the cells with Tau seeds (heparin-induced MTBD fi-
brils),* leading to an FRET signal (16.0% = 0.8% FRET-gated positive
cells, Figure 5A, gray column). In addition, VHH F8-2 was transfected
1 day prior to MTBD seed treatment as negative control since its
binding is outside the MTBD. As expected, VHH F8-2 did not affect
the seeding in the reporter cells (15.4% + 1.0% FRET-gated positive
cells, Figure 5A, white column). This negative control also showed
that the mCherry fluorophore did not interfere with the seeding, poly-
merization, and/or FRET signal. We next used the mCherry-VHH
fusion proteins to select the transfected cells and to detect FRET signal
selectively in mCherry-VHH positive cells (mCherry-gated and
FRET-gated positive cells Figure 5B). As expected, given that VHH
E4-1 did not bind Tau in cells (Figure 2A), the FRET signal reduction
for VHH E4-1 transfected cells was not significant, with a percentage
of FRET decreasing to 15.6% + 0.9%, compared with 18.5% + 1.3%
FRET signal for the VHH F8-2 negative control (Figure 5B). In
contrast, VHH Z70 clearly affected the intra-cellular seeding of
MTBD-P301S polymerization, as the observed FRET signal for the
corresponding transfected cells was significantly decreased to
10.9% =+ 0.7% (41% seeding inhibition, p value = 0.0003, Figure 5B).
Based on these measurements, we concluded that VHH Z70 has
reduced the association of MTBD-P301S CFP and YFP by 40%,
showing the efficiency of VHH Z70 to inhibit Tau seeding in this
cellular model.

mice have low endogenous Tau pathology,

which allowed evaluation of the seeding activity

associated to the injected human-derived mate-
rials. To assay the capacity of VHH Z70 to mitigate the tauopathy
in this model, VHH Z70 was expressed as a fusion protein with
mCherry inside brain cells, following infection by LVs. LVs were
used for their limited diffusion capacity, allowing for evaluation
of the local effect of VHH Z70 on Tau seeding. LVs infection of
HEK293 cells showed expression of VHH Z70 in the cell fraction,
with no detection in the medium, confirming that Z70 VHHs are
well-expressed and are not secreted (Figure S13).

LVs were delivered using intra-cranial injection in each brain hemi-
sphere, 2 weeks prior to the stereotaxic h-AD seed delivery at the
same coordinates in the hippocampus region (Figure 6A). Negative
control experiments consisted of injection of a VHH directed against
GFP (VHH anti-GFP), which is not present in mouse brains, instead
of VHH Z70. The expression of VHH Z70 in the brain was moni-
tored in both hemispheres using the mCherry fusion as a reporter
(Figure S14). The level of Tau pathology was evaluated, 1 month
post-injection of the seeds, by immunohistochemistry with the
monoclonal AT8 antibody.'”*® In the animals injected with h-AD
brain extract and expressing VHH Z70, a significant decrease of
the AT8 labeling compared with the negative control group is
observed (Figures 6B and 6C, p value = 0.019, 6D and S15). The
decrease detected in the area where the LVs expressing VHH Z70
had diffused and the pathology had spread following injections
showed the positive effect of VHH Z70 on mitigating the seeded
pathology. Accordingly, when brain tissue sections were double-
stained, almost no co-localization of signals was observed in neu-
rons: most neurons expressing VHH Z70 (mCherry positive) had
no Tau pathology as defined based on the AT8 signal (Figures 6D
and S16). We concluded that intra-cellular immunization with
VHH Z70 slows the seeding induced by injection of extracellular
h-AD brain extract in THY-tau30.
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Figure 5. VHH Z70 blocks intra-cellular seeding of
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(A and B) Analysis of Tau seeding in HEK293 Tau RD
P301S FRET Biosensor cells. (A) Percentage of FRET
positive cells in the whole population determined from flow
cytometry data for cells transfected with vehicle or trans-
fected with vehicle and VHH F8-2 followed by MTBD seeds
(n = 3). (B) Percentage of FRET positive cells in the
mCherry-gated population determined from flow cytometry
data for cells transfected with VHH F8-2, VHH E4-1, and
VHH Z70 followed by MTBD seeds (n = 3). A significant
decrease of FRET signal, reporting a decrease intra-cellular
MTBD aggregation, is observed in the presence of VHH
Z70. *p value <0.05, ***p value < 0.001, ns, not significant.
N Error bars: SEM.
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DISCUSSION

Tau immunotherapy is an attractive strategy in tauopathies to bind to
and to clear extracellular and/or intra-cellular pathological species of
the Tau protein to slow disease progression. Indeed, by targeting
different Tau epitopes, immunotherapy studies showed a reduction
of Tau pathology and cognitive deficit in different mouse models of
tauopathy.'”*° Nevertheless, the mechanistic detail of their mode
of action is only recently emerging.

Indeed, it remains difficult to evaluate whether detection of an intra-
cellular Ig results from uptake of the Ig by itself or of the immune
complex, and thus whether their primary target is Tau in the intra-
or extracellular compartment. One study with systematic comparison
of intra-neuronal versus extraneuronal-acting equivalent Tau-specific
scFvs showed a significant improved effect of the intra-neuronal
modified scFvs against the tauopathy, in two tauopathy mouse
models.”® Intra-neuronal chimeric scFvs are another successful
example, designed to target Tau to the proteasome or lysosomal
pathway in human Tau Tg mice.*®

We succeeded in selecting a VHH targeted to a specific Tau region in
a rather large intrinsically disordered protein, in one single screen.
NMR interaction mapping was particularly helpful to select for
VHHs binding the MTBD (Figures 1 and S1). Yeast two-hybrid
combined with molecular strategies has allowed for the identification
of a major binding site 30sVQIVYKj;; (Figures 3 and S7). In
addition, a weaker secondary interaction was detected with PHF6*
(275 VQIINK,g0) when using sensitive in vitro methods (NMR in Fig-
ures 5 and 6). This secondary binding site might contribute to the
overall VHH Z70 activity by slowing down dissociation, and by doing
so, increasing the apparent affinity for Tau.

The main interest is that VHH Z70 binds in the MTBD, while the ma-
jority of epitopes targeted in clinical trial are located in the N- or
C-terminal regions.”' Some studies show that targeting N-terminal
species could block Tau uptake and its transfer between neurons,*’
and could reduce accumulation of Tau in the brain of the mouse
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model of tauopathy.*® Nevertheless, antibodies targeting N- and
C-terminal epitopes bring the risk of binding Tau sequences elimi-
nated by proteolysis.*’ They are also unlikely to interfere with seeding
and polymerization, other crucial aspects of the pathology. Two phase
1I trials of passive immunotherapies with monoclonal antibodies tar-
geting the N-terminal part of Tau in supranuclear palsy, gosurane-
mab”® and tilavonemab,’’ reported no clinical treatment effect
despite target engagement. Both assay rationales were the removal
of the extracellular Tau to slow progression of the disease. Although
multiple parameters could explain these results,” the N-terminal part
of Tau remains unlikely to be the mediator of Tau toxicity.””
Conversely, bepranemab, a humanized monoclonal IgG4 antibody
binding to the central region of Tau (235-246), near the MTBD,
was reported to inhibit seeding in a cellular assay and the THY-
tau30 mouse model.'””* Similarly, treatment with a humanized IgG
antibody, binding the R2 and R4 repeats within the MTBD, decreases
the level of sarkosyl-insoluble Tau in brain of a mouse model of Tau
seeding.”* These antibodies are being proposed for clinical develop-
ment and their capacity to attenuate the spread of Tau supports the
hypothesis that the MTBD provides an efficient target for therapeutic
antibodies. VHH Z70 has similar properties but by acting directly
intra-cellularly.

Here, we demonstrated the interest of targeting the Tau PHF6 motif,
which participates in the aggregation process>” and which is found in
the core of Tau fibrils in AD.”> *® PHF6* and PHF6 peptides sponta-
neously aggregate in solution contrary to the full-length Tau that is a
highly soluble protein. Their atomic structures reveal the capacity of
these segments to form interdigitated steric-zipper interfaces that
seed Tau aggregation.”™* In addition, the accessibility of the
PHF6*/PHF6 peptides is proposed to be part of the mechanism lead-
ing to Tau filament formation. The residues from these peptides are
proposed to be shielded in a dynamic hairpin conformation in native
Tau, while exposed PHF6 residues would increase Tau sensitivity to
aggregation.’’ The conversion from an inert Tau monomer to a
seed-competent monomer would thus involve an increased accessi-
bility of the PHF motifs.°" Interestingly, several chaperones with
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Tau anti-aggregation activities, such as Hsc70, Hsp60, DnaJA2, and
S100B®* proteins, bind to regions overlapping PHF6, and in a weaker
manner PHFE6*. Thus, one major mechanism of the anti-aggregation
activities of these chaperones is likely the binding of Tau in the PHF
region.”’

The cryo-electron microscopy structures of Tau fibers isolated from
patient brains affected by various tauopathies: AD,” corticobasal
degeneration,”® Pick’s disease,”” chronic traumatic encephalopathy,’®
and progressive supranuclear palsy,”* show distinct folds. The com-
mon core of these fibrillary structures is nevertheless composed of
the subdomains R3 including the PHF6, R4, and a part of the C-ter-
minal domain (V306-F378) that mainly form a B-sheet unit.” This
filament core has the ability to polymerize and form filaments
in vitro, and act as seeds to recruit full-length Tau to filaments, in
the absence of an inducer such as heparin.65 To form these fibers, a
mechanism of B-augmentation is responsible for the stacking of the
B-sheet units on top of one another to ensure elongation of the fiber.
The PHF6 sequence is thus forming in this process the same type of
interactions as those observed with the VHH Z70 (Figure S17).
Although it will remain to be demonstrated, the specific B-strand
conformation adopted by the PHF6 sequence in the complex suggests
that VHH Z70 might not be able to interact with the fibers, except at
the free extremity. However, by interacting with the PHF6 at the ex-
tremity of Tau oligomers or fibers, VHH Z70 might interfere with the
elongation mechanism by competing with the B-sheet augmentation.

VHH 270 + AD

Figure 6. VHH Z70 reduces human Tau seeding
* activity induced by h-AD brain-derived material in

s THY-tau30 Tg mouse model

(A) Bilateral intra-cranial injection of LVs to express either
VHH anti-GFP or VHH Z70 was performed in 1-month-old
THY-tau30 mice. Induction of the tauopathy occurred by a
second bilateral injection, at the same coordinates, 15 days
after with human h-AD. Mice were killed and perfused
1 month later (aged 2.5 months). (B) The whole brain was
processed for immunohistochemical analysis using AT8 for
the control group (labeled VHH anti-GFP + AD; n = 9)
corresponding to injection of LVs VHH anti-GFP followed
by h-AD injection and the group (labeled VHH Z70 + AD;
n = 7) corresponding to LVs VHH Z70 followed by h-AD
injection. Enlarged images are taken from the hippocam-
pus (injection site, AP: —2.46). Scale bars are indicated on
the figure. (C) Each data point corresponds to the quanti-
fication for one hemisphere. Results are presented as AT8
immunoreactivity (immunoreactive area normalized to the
whole area). *p value <0.05. Error bars: SD. (D) In aregion of
the hippocampus (molecular layer) with strong induction of
the pathology (detected using AT-8 antibodies, visualized in
red, see VHH anti-GFP + AD) and good diffusion of LVs
expressing Z70 (detected using mCherry antibodies, visu-
alized in green, see VHH Z70 + AD), there is aimost no Tau
pathology (red labeling) in neurons positive for VHH-Z70
expression (green labeling). Immunohistochemical analysis
is shown for two animals (VHH Z70 + AD) with different
levels of pathology. Larger views of the analysis are shown
in Figure S16.

VHH  VHH
anti-GFP Z70

AD

In addition, the properties of the parent VHH (E4-1) were improved.
VHH Z70 has indeed been selected for its capacity to bind Tau in the
intra-cellular compartment, using yeast two-hybrid (Figure 2A). The
four mutations differentiating VHH Z70 from the E4-1 are in the
framework region and allow the active conformation to be achieved
once expressed in cells. This can result either because the cysteine
residues are well positioned to form disulfide bridges, despite the
reductive environment, or because the mutations allow a disulfide-in-
dependent folding. VHH Z70 indeed showed improved solubility
when expressed in cells compared with VHH E4-1 that formed aggre-
gates, observed in the experimental conditions as puncta of mCherry
fluorescence (Figures 2C-2E and S4). Although we succeeded, the
process remains challenging, as a single clone was selected out of
the 1.5 million variants screened by two-hybrid. In addition, the affin-
ity reached the 100-nM range and remained an important parameter
to optimize as we observed a higher inhibition activity for VHH Z70
compared with VHH-E4-1 in the in vitro aggregation assay (Figure 4).
The heparin-induced Tau fibers that are formed in this assay are het-
erogeneous and have been shown to differ from the structures of the
human native fibers.®® Nevertheless, even if not recapitulating all the
structural features, the heparin-induced fibers still contain the R3
repeat at the core of a B-sheet unit and fibers are formed by stacking
these B-sheet units on one another. Consequently, although the
model has limitations, the in vitro heparin-induced aggregation re-
mains of interest when targeting the PHF6 sequence as its key-role
in nucleation is conserved in this assay. In addition, VHH Z70 was
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shown to inhibit seeding in an established cellular model that does not
use heparin as inducer of the aggregation. The poor seeding inhibition
capacity of VHH-E4-1 in this model (Figure 5) is likely due to its poor
intra-cellular activity compared with VHH Z70 (Figures 2A-2C).

Importantly, VHH Z70 decreases the Tau pathology in an established
mouse model of tauopathy'® (Figure 6). In this injection model, VHH
Z70 mechanism of action likely results from blocking Tau seeding,
limiting the accumulation of pathological Tau. Interestingly, the hip-
pocampal neurons expressing VHH Z70 did not show signs of the
Tau pathology based on the AT8 labeling (Figures 6D and S16).
According to our in vitro results, nucleation is probably blocked by
the binding of the VHH Z70 to monomeric Tau, preventing its
recruitment by the seeds. We cannot, however, exclude the possibility
that VHH Z70 also binds to the seeds, given the lack of a precise
definition of the nature of these seeds: seed-competent monomeric,
oligomeric, or fibrillar Tau.

VHHs have entered the real world of therapeutics,(’7 and as they can
be delivered as genes, the synergy with the progress in viral vector-
mediated gene delivery could open the way for feasible treatments
of tauopathies.

MATERIALS AND METHODS

Screening and selection of VHHs directed against Tau protein
The Nali-H1 library of VHHs (3 x 10"! phages) was screened against
the recombinant biotinylated-Tau 2N4R as described previously.”®*’
EZ-Link Sulfo-NHS-Biotin (Thermo Fisher Scientific) was used for
the biotinylation following manufacturer protocol except for a 2-
fold molar excess of Sulfo-NHS-Biotin. The unreacted Sulfo-NHS-
Biotin was eliminated by desalting on Sepadextran 25 Medium SC
(Proteigene). Biotinylated-Tau protein was bound to Dynabeads
M-280 Streptavidin (Invitrogen) at a concentration gradually
decreasing at each round of selection: 100 nM in first round, 50 nM
in the second round, and 10 nM in the third round. Biotinylated-
Tau binding was verified by western blot using Streptavidin Protein,
HRP (Thermo Fisher Scientific). Non-absorbed Phage ELISA assay
using avidin-plates and biotinylated-Tau Antigen (5 pg/ml) was
used for cross-validation of 186 randomly picked clones.®®

Production and purification of VHHs

Competent Escherichia coli BL21 (DE3) bacterial cells were trans-
formed with the various PHEN2-VHH constructs. Recombinant
E. coli cells produced proteins targeted to the periplasm after induc-
tion by 1 mM isopropylthiogalactoside (IPTG). Production was pur-
sued for 4 h at 28°C before centrifugation to collect the cell pellet. The
pellet was suspended in 200 mM Tris-HCI, 500 mM sucrose, 0.5 mM
EDTA, pH 8, and incubated 30 min on ice; 50 mM Tris-HCI, 125 mM
sucrose, 0.125 mM EDTA, pH 8, and complete protease inhibitor
(Roche) were then added to the cell suspension and incubation
continued for 30 min on ice. After centrifugation, the supernatant,
corresponding to the periplasmic extract, was recovered. The VHHs
were purified by immobilized-metal affinity chromatography
(HisTrap HP, 1 mL, Cytiva) followed by size exclusion chromatog-
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raphy (Hiload 16/60, Superdex 75, prep grade, Cytiva) in NMR buffer
(50 mM sodium phosphate buffer [NaPi], pH 6.7, 30 mM NaCl,
2.5 mM EDTA, 1 mM DTT).

Production and purification of Tau 2N4R, Tau 2N3R, Tau MTBD,
and Tau [208-324]

pET15b-Tau recombinant T7lac expression plasmid was transformed
into competent E. coli BL21 (DE3) bacterial cells. A small-scale cul-
ture was grown in LB medium at 37°C and was added at 1:10 v/v
to 1 L of a modified M9 medium containing MEM vitamin mix 1X
(Sigma-Aldrich), 4 g of glucose, 1 g of '’N-NH,CI (Sigma-Aldrich),
0.5 g of °N-enriched Isogro (Sigma-Aldrich), 0.1 mM CaCl,, and
2 mM MgSO,. Recombinant '°N Tau production was induced with
0.5 mM IPTG when the culture reached an optical density at
600 nm of 0.8. Proteins were first purified by heating the bacterial
extract, obtained in 50 mM NaPi, pH 6.5, 2.5 mM EDTA, and supple-
mented with complete protease inhibitor cocktail (Sigma-Aldrich),
15 min at 75°C. The resulting supernatant was next passed on a cation
exchange chromatography column (Hitrap SP sepharose FF, 5 mL,
Cytiva) with 50 mM NaPi, pH 6.5, and eluted with a NaCl gradient.
Tau proteins were buffer-exchanged against 50 mM ammonium bi-
carbonate (Hiload 16/60 desalting column, Cytiva) for lyophilization.
The same protocol® was used to produce and purify Tau 2N3R iso-
form, Tau[244-368] (designated MTBD, also called K18 fragment),
chimeric Tau[244-368] with two PHF6 or PHF6* peptide sequences
instead of PHF6* and PHF6 sequences (Figure S10A) and Tau [208-
324].

Production and purification of SUMO-Tau peptides

cDNA encoding peptide Tau[273-318] was amplified from Tau
2N4R ¢DNA by PCR. cDNA was cloned by a ligation independent
protocol into vector pETNKI-HisSUMO3-LIC as described.”” Tau
peptide was expressed as a C-terminal SUMO protein fusion with
an N-terminal HisTag. His-SUMO-Tau peptide was purified by affin-
ity chromatography on Ni-NTA resin followed by size exclusion
chromatography (Hiload 16/60, Superdex 75, prep grade, Cytiva) in
SPR buffer (HBS-EP+, GE Healthcare).

Nuclear magnetic resonance spectroscopy experiments

Analysis of the "’N Tau/VHH interactions were performed at 298K
on a Bruker Avance Neo 900MHz spectrometer equipped with cryo-
genic probe. Trimethyl silyl propionate was used as internal reference.
Lyophilized "N Tau were diluted in a buffer containing 50 mM NaPi,
30 mM NaCl, 2.5 mM EDTA, 1 mM DTT, and 10% D,O, pH 6.7 and
mixed with VHH at 100 uM final concentration for each protein. A
total of 200 pL of each mix in 3-mm tubes was sufficient to obtain
the 2D 'H, '*N HSQC spectra with 32 scans. H, '°N HSQC were
acquired with 3,072 and 416 points in the direct and indirect dimen-
sions, for 12.6 and 25 ppm spectral windows, in the 'H and °N di-
mensions, respectively. Each resonance in Tau spectra can be linked
to a specific amino acid residue in Tau sequence,”"’* allowing to map
the binding region based on the observed differences of chemical shift
value and/or intensity for each resonance in the bound versus free
condition. Data were processed with Bruker Topspin 3.6 and
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analyzed with Sparky (T. D. Goddard and D. G. Kneller, SPARKY 3,
University of California, San Francisco).

Optimization of VHH E4-1 for intra-cellular expression

VHH E4-1 was amplified from pHEN2 plasmid (oligonucleotides
3390 and 3880 in Figure S18) using Taq polymerase with 14 mM
MgCl, and 0.2 mM MnCl, and a modified nucleotide pool.73 The
amplified cDNAs were transformed in yeast Y187 strain, together
with a digested empty derivative of pGADGH vector,”* allowing
recombination by gap repair in the vector. The VHH cDNAs are ex-
pressed as preys, with a C-terminal Gal4-activation domain fusion
(E4-1-Gal4AD). A library of 2.1 million clones was obtained,
collected and aliquoted. Tau variant ON4R isoform (NM_016,834.4)
was expressed as bait with a C-terminal fusion with lexA (Tau-
LexA) from pB29 vector, which is derived from the original
pBTM116.” The library was screened at saturation, with 20 million
tested diploids, using cell-to-cell mating protocol.”® A single clone
was obtained, named VHH Z70.

One-to-one interaction by yeast two-hybrid

A one-to-one mating assay was used to test for interaction using a
mating protocol with L40AGal4 (MATa) transformed with the bait
(C-terminal fusion with lexA) and Y187 (MATua,) yeast strains trans-
formed with the prey (C-terminal Gal4-activation domain fusion).”®
The interaction pairs were tested in triplicate on selective media by
streak.

mCherry intracellular aggregation assays

HEK293 cells were seeded in 12-well plates (10° cells per well); 24 h
later, cells were transfected with plasmids encoding mCherry,
mCherry-VHH Z70, mCherry-VHH E4-1, or mCherry-VHH anti-
GFP together with lipofectamine in optiMEM, as recommended by
the manufacturer (Invitrogen). Forty-eight hours later, medium was
removed, and cells were washed in pre-warmed PBS before 30-min
fixation at room temperature (RT) with 4% PFA. After three succes-
sive washes in pre-warmed PBS, the nuclei were stained with DAPI
(1/10,000) for 15 min at RT. Cells were cover-slipped with Vecta-
Mount. Ten images per condition (n = 3 independent experiences)
were acquired using a Zeiss AxioObserver Z1 (spinning disk Yoko-
gawa CSU-X1, camera sCMOS Photometrics Prime 95B). The num-
ber of mCherry positive cells containing puncta was quantified from
the three independent experiments, 10 images per experiment and per
group (n = 862 cells for mCherry, n = 932 for VHH-Z70, n = 995 for
VHH E4.1 and n = 977 for VHH anti-GFP).

Tau fragment library construction

Tau cDNA (NM_016,834.4) was amplified from Tau-LexA bait vec-
tor (oligonucleotides 6690 and 6972 in Figure S18); 5 pg of the PCR
product was subjected to Fragmentase treatment (New England Bio-
lab, NEB) until a smear of fragments was detected around 400 to 500
pb by agarose gel electrophoresis. The DNA fragments were purified
by phenol/chloroform extraction and ethanol precipitation. The
DNA fragments were next subjected to end repair (NEB) and dA-
tailing adaptation, using Blunt/TA ligase master mix with NEBNext

Adaptor hairpin loop (NEB), followed by AMPure XP bead (Beck-
man Coulter) purification. After USER enzyme digestion (NEB),
DNA fragments were amplified (oligonucleotides 10829 and 10830
in Figure S18) with 15 cycles of PCR using NEBNext Q5 Hot Start
HiFi PCR Master Mix (NEB), which allowed addition Gap Repair
recombination sequences for the cloning in Gal4-AD prey plasmid
pP7. The library comprised 50,000 independent clones.

Tau fragment library screening

The coding sequence for VHH Z70 was PCR-amplified and cloned
into pB27 as a C-terminal fusion to LexA (LexA-VHHZ70). The
construct was used to produce a bait to screen the Tau fragments li-
brary constructed into pP7. pB27 and pP7 derived from the original
pBTM116” and pGADGH’* plasmids, respectively. The Tau frag-
ment library was screened using a mating approach with YHGX13
(Y187 ade2-101:loxP-kanMX-loxP, MATa) and L40AGal4 (MATa)
yeast strains.”® Ninety His+ colonies corresponding to 267 x 10
tested diploids were selected on a medium lacking tryptophan,
leucine, and histidine. The prey fragments of the positive clones
were amplified by PCR and sequenced at their 5'and 3’ junctions.

Surface plasmon resonance experiments

Affinity measurements were performed on a BIAcore T200 optical
biosensor instrument (Cytiva). Full-length recombinant Tau 2N4R
proteins were biotinylated with five molar excess of NHS-biotin con-
jugates (ThermoFisher) during 4 h at 4°C. Capture of biotinylated
Tau was performed on a streptavidin SA sensorchip in HBS-EP +
buffer (Cytiva). One flow cell was used as a reference to evaluate
nonspecific binding and provide background correction. Bio-
tinylated-Tau was injected at a flow-rate of 30 pL/min, until the total
amount of captured Tau reached 500 resonance units (RUs). VHHs
were injected sequentially with increasing concentrations ranging be-
tween 0.125 and 2 uM in a single cycle, with regeneration (three suc-
cessive washes of 1M NaCl) between each VHH. On the other hand, a
VHH Z70 construct, containing a single C-terminal cysteine, was bio-
tinylated using EZ-Link Maleimide-PEG2-Biotin (Thermo Scientific)
and was immobilized on an SA (Streptavidin) chip in HBS-EP +
buffer (Cytiva). Increasing concentrations, ranging between 31.25
and 500 nM of the SUMO-Tau peptide, were successively injected.
The same functionalized SA chip was also used to inject increasing
concentrations of three different MTBD constructs, ranging between
62.5 nM and 1 uM. Single-Cycle Kinetics (SCK) analysis’’was per-
formed to determine association k., and dissociation K¢ rate con-
stants by curve fitting of the sensorgrams using the 1:1 Langmuir
model of interaction of the BIAevaluation software 2.0 (Cytiva).
Dissociation equilibrium constants (Kd) were calculated as ko/kon.

VHH Z70/PHF6 Tau peptide complex crystallization and
structure determination

VHH Z70 protein solution was dialyzed against 10 mM HEPES pH
7.4, 50 mM NaCl then concentrated to 250 uM and incubated with
1 mM of PHF6 peptide for 30 min before crystallization screening.
The PHF6 peptide sequence was 39, PGGGSVQIVYKP;,,KK (Gene-
cust, France), with the last two peptide residues added compared with
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the native Tau sequence for solubility purposes. From an initial
screening of around 600 conditions, optimal crystallization condi-
tions were found to be 0.17 M ammonium sulfate, 25.5% PEG 4000
and 15% glycerol (found in the Cryos Suite, Qiagen). Crystals were
evaluated at SOLEIL synchrotron beamline PX1. Crystals belonged
to space group P6522 with cell parameters suggesting that the asym-
metric unit contains one VHH monomer (98% probability estimated
from Matthews coefficient). The best diffraction dataset was obtained
at a resolution of 1.7 A. Structure was solved using molecular replace-
ment (MOLREP)”® with PDB: 010L0 as template and refined to a
Rwork of 0.2 and Rfree of 0.21 using REFMAC5”” and COOT.*
Interface of the complex was calculated using PDBePISA (Protein in-
terfaces, surfaces and assemblies’ service at the European Bioinfor-
matics Institute, http://www.ebi.ac.uk/pdbe/prot_int/pistart.html).*’
The structure was deposited in the worldwide protein databank
(wwPDB) with access code PDB: 7QCQ.

In vitro kinetic aggregation assays

Tau 2N4R aggregation assays were performed with 10 pM Tau and
with increasing concentrations of VHHs (between 0 and 10 pM) in
buffer containing 50 mM MES pH 6.9, 30 mM NaCl, 2.5 mM
EDTA, 0.3 mM freshly prepared DTT, 2.5 mM heparin H3 (Sigma-
Aldrich), and 50 pM Thioflavin T (Sigma-Aldrich), at 37°C. Experi-
ments were reproduced three times in triplicate for each condition.
The resulting fluorescence of Thioflavin T was recorded every
5 min/cycle within 200 cycles using PHERAstar microplate-reader
(BMG labtech). The measures were normalized in fluorescence per-
centage, 100% being defined as the maximum value reached in the
positive Tau control, in each experiment.

Transmission electron microscopy

The same samples from the in vitro aggregation assays were recovered
and a 10 pL sample of Tau or Taw:VHH ratio 1:1 condition was
loaded on a formvar/carbon-coated grid (for 5 min and rinsed twice
with water). After drying, the grids were stained with 1% uranyl ace-
tate for 1 min. Tau fibrils were observed under a transmission electron
microscope (EM 900 Zeiss equipped with a Gatan Orius 1000
camera).

Seeding assays in HEK293 reporter cell line

Stable HEK293 Tau RD P301S FRET Biosensor cells (ATCC CRL-
3275) were plated at a density of 100 k cells/well in 24-well plates.
For confocal analysis, cells were plated on glass slides coated with
poly-D-lysine and laminin at a density of 100 k cells/well in 24-well
plates. At 60% confluency, cells were first transiently transfected
with the various pmCherry-N1 plasmid constructs allowing expres-
sion of the mCherry-fused VHHs. Transfection complexes were ob-
tained by mixing 500 ng of plasmid diluted in 40 pL of opti-MEM
medium, which included 18.5 pL (46.25% v/v) of opti-MEM medium
with 1.5 puL (3.75% v/v) Lipofectamine 2000 (Invitrogen). Resulting
liposomes were incubated at room temperature for 20 min before
addition to the cells. Cells were incubated for 24 h with the liposomes
and 1 mL/well of high glucose DMEM medium (ATCC) with fetal
bovine serum 1% (Life Technologies). The transfection efficiency
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was estimated to reach about 46%, for all mCherry-fused VHH plas-
mids (Figure S19). Eight uM of recombinant MTBD seeds were pre-
pared in vitro, in the presence of 8 UM heparin, as described.*’ Cells
were then treated with MTBD seeds (10 nM/well) in the presence of
transfection reagents forming liposomes as here above described.

FRET flow cytometry

Cells were recovered with trypsin 0.05% and fixed in 2% PFA for
10 min, then suspended in PBS. Flow cytometry was performed on
an ARTA SORP BD (acquisition software FACS DIVA V7.0, BD Bio-
sciences). To measure CFP emission fluorescence and FRET, cells
were excited with a 405-nm laser. The fluorescence was captured
with either a 466/40- or a 529/30-nm filter, respectively. To measure
YFP fluorescence, a 488-nm laser was used for excitation and emis-
sion fluorescence was captured with a 529/30-nm filter. mCherry cells
were excited with a 561-nm laser and fluorescence was captured with
a 610/20 nm filter. To selectively detect and quantify FRET, gating
was used as described.*>* The FRET data were quantified using
the KALUZA software analyzer v2. Three independent experiments
were done in triplicate or quadruplicate, with at least 10,000 cells
per replicate analyzed.

Animals

The study was performed in accordance with the ethical standards as
laid down in the 1964 Declaration of Helsinki and its later amend-
ments or comparable ethical standards. The experimental research
has been performed with the approval of an ethical committee (agree-
APAFIS#2264-2015101320441671 from CEEA75, Lille,
France) and follows European guidelines for the use of animals.
The animals (males and females) were housed in a temperature-
controlled (20-22°C) room maintained on a 12 h day/night cycle
with food and water provided ad libitum in a specific pathogen-free
animal facility (n = 5 mice per cage). Animals were allocated to exper-
imental groups by randomization. AD brain extracts were obtained
from the Lille Neurobank (fulfilling criteria of the French law on bio-
logical resources and declared to competent authority under the num-
ber DC-2008-642) with donor consent, data protection, and ethical
committee review. Samples were managed by the CRB/CIC1403 Bio-
bank, BB-0033-00030.

ment

Stereotaxic injection of THY-tau30 Tg mice

THY-tau30 Tg mice express human 1N4R Tau protein with two path-
ogenic mutations (P301S and G272V) under the control of the
neuron-specific Thyl.2 promoter.*>** One-month-old anesthetized
THY-tau30 mice were submitted to stereotaxic intra-cerebrocranial
injections (400 ng in 2 pL at 250 nL/min with a Hamilton glass sy-
ringe) at the coordinates posterior AP: —2.46, midline ML: —1 and
vertical depth DV: —2.3 of both brain hemispheres with LV express-
ing either VHH Z70 with an N-terminal mCherry fusion protein
(VHH Z70) or a VHH directed against the GFP (VHH anti-GFP).

Two weeks later, these mice were submitted to injections of human
AD brain homogenate (h-AD, 15 pg in 2 uL) at the same coordinates
of both hemispheres, as previously described in detail.'” The h-AD
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seeds consisted in a mixture of two postmortem human brain extracts
from tissues of patients with confirmed AD (frontal cortex area, Braak
stage VI, Brodmann area 10). The injections resulted in two groups of
seven and nine mice per group. The mice were killed after a month
delay from the injection of the h-AD brain extract. All mice gained
weight during the experimental protocol course and no mouse death
was recorded, showing no indication of severe toxicity (Figure S20).

Tissue processing, immunohistochemistry, and Tau pathology
quantification

THY-tau30 were deeply anesthetized and trans-cardially perfused
with ice-cold 0.9% saline solution and subsequently with 4% PFA
for 10 min. The brains were immediately removed, fixed overnight
in 4% PFA, washed in PBS, placed in 20% sucrose for 16 h, and frozen
in isopentane until further use. Free-floating coronal sections (40-pum
thickness) were obtained using a cryostat microtome.

Cryostat sections were next used for immunohistochemistry. Nonspe-
cific binding was blocked by using “Mouse in Mouse” reagent (1:100 in
PBS; Vector Laboratories). Brain slices were next incubated with the
primary monoclonal antibody AT8 (1:500; Thermo MN1020) in
PBS- 0.2% Triton X-100, 16 h at 4°C. Labeling was amplified by incu-
bation with an anti-mouse biotinylated IgG (1:400 in PBS-0.2% Tri-
tonTM X-100, Vector) followed by the application of the avidin-
biotin-HRP complex (ABC kit, 1:400 in PBS, Vector) prior to addition
of diaminobenzidine tetrahydrochloride (DAB, Vector) in Tris-HCI 0.1
mol/L, pH 7.6, containing H,O, for visualization. Brain sections were
mounted, air-dried, steadily dehydrated in ethanol (30%, 70%, 95%,
100%), cleared in toluene, and cover-slipped with VectaMount (Vector
Laboratories). Mounted brain sections were analyzed using stereology
software (Mercator image analysis system; Explora Nova, La Rochelle,
France). Threshold was established manually to present a minimum
background and remained constant throughout the analysis. The re-
gion defined as quantification zone is from bregmas —2.06 to —2.92
(based on the Mouse Atlas, George Paxinos and Keith B.J. Franklin,
Second Edition, Academic Press).

ImmunoHistoFluorescence

Brain sections from mice injected with the LVs VHH Z70 with an
N-terminal fusion to mCherry were saturated in normal goat serum
(1/100; Vector), then were incubated with the primary polyclonal an-
tibodies anti-RFP targeting mCherry protein (1:1,000, rabbit, Poly-
clonal, Rockland) 16 h at 4°C in PBS-0.2% TritonTM X-100. For
the double labeling, incubation was performed in the additional pres-
ence of Tau-specific antibody AT8 conjugated with biotin (1:500;
Thermo). Labeling was detected using a secondary anti-rabbit anti-
body (1:500; Invitrogen) functionalized with Alexa 488 and streptavi-
din functionalized with Alexa 647 (1:500; Invitrogen, visualized in
pseudocolor red) for AT8. Section imaging was performed by micro-
scopy using a slide scanner (Axioscan Z1-Zeiss) with a x20 objective.

Statistical analysis
Data are presented as the means + SEM for in vitro aggregation assays
(Figure 4) and reporter-cell seeding assays (Figure 5), and +SD for

in-cell solubility assays (Figure 2E) and for in vivo experiments (Fig-
ure 6C). Experiments were performed at least in triplicate and ob-
tained from three independent experiments. An ordinary one-way
nonparametric ANOVA with a Sidak’s multiple comparison test
has been applied to analyze puncta in mCherry positive cells (Fig-
ure 2E). One-way nonparametric ANOVAs (Kruskal-Wallis) with
Dunn’s multiple comparison test and Mann-Whitney U test were
used to analyze data for FRET experiments (Figure 5) and unpaired
t test after normality test for in vivo experiments (Figure 6). Statistical
analyses were performed with GraphPad Prism 8.0.0.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2022.01.009.
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VHH A5-2 VHH F8-2
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Figure S1 : Identification of synthetic VHHs directed against Tau microtubule-binding domain (MTBD) using 2D (two-
dimensional) HSQC NMR experiment of Tau2N4R and Tau [208-324]. Intensity ratios I/I0 of corresponding resonances in the
2D spectra of Tau or Tau [208-324] with equimolar quantity of VHH (I) or free in solution (10) for residues along the Tau or Tau
[208-324] sequences. Binding regions are illustrated along the Tau sequence with VHH images (from PDB: IMEL). CDR3 loop
region is colored red.
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Figure S2 : Identification of VHH E4-1 binding region using 2D HSQC NMR experiment of Tau MTBD. Overlay of 'H, N,
HSQC 2D spectra of ’N-labelled Tau MTBD alone (red) or mixed with non-labelled VHH E4-1 spectra (blue). See enlarged
regions of the spectra in Figure S3 A.
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Figure S3 : Identification of VHH E4-1 epitope using 2D HSQC NMR experiment of Tau MTBD. A : Overlays of 'H,
5N, HSQC of 2D spectrum enlargements of '*N-labelled Tau MTBD alone (red) or mixed with non-labelled VHH E4-1
(superimposed in blue). See full spectrum in Figure S2. B : Intensity ratios I/I0 of corresponding resonances in the 2D
spectra of Tau MTBD with equimolar quantity of VHH E4-1 (I) or free in solution (I0) for residues along the Tau MTBD
sequence. The red double-arrow indicates the region containing the corresponding major broadened resonances, which was
mapped mostly on the R2-R3 repeats. Localization of the PHF6* and PHF6 peptide sequences is indicated.



mCherry VHH anti-GFP

Figure S4 : VHH-70 is soluble inside cells - HEK293 cells were transfected with plasmid encoding either mCherry,
mCherry-VHH E4.1 (Figure 2C), mCherry-VHH Z70 (Figure 2D) or mCherry-VHH anti-GFP. 48h later, cells were
fixed and immunostained using a primary antibody against mCherry tag and visualized in red. Nuclei are vizualized
in blue. The scale bar is indicated on the figure. See percentage of cells with puncta in Figure 2E.
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Figure S5 : Identification of VHH Z70 binding region using 2D HSQC NMR experiment of Tau2N4R. A : Overlays
of 'H, BN, HSQC full spectrum and enlargements of 'N-labelled Tau, alone (red) or mixed with non-labelled VHH Z70
(in blue). Spectra enlargements show broadened resonances corresponding to residues implicated in the interaction B :
Intensities ratio I/I0 of corresponding resonances in the 2D spectra of Tau with equimolar quantity of VHH Z70 (I) or free
in solution (I0) for residues along the Tau sequence. The red double-arrow indicates the region containing the
corresponding major broadened resonances, which was mapped mostly on the R2-R3 repeats. Localization of the PHF6*

and PHF6 peptide sequences is indicated.
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Figure S6 : Identification of VHH Z.70 binding region using 2D HSQC NMR experiment of Tau MTBD. A : Overlays
of ™H, 5N, HSQC enlargements of ’N-labelled Tau MTBD alone (red) or mixed with non-labelled VHH Z70 (blue). B :
Intensity ratios /10 of corresponding resonances in the 2D spectra of Tau MTBD with equimolar quantity of VHH Z70 (I)
or free in solution (I0) for residues along the Tau MTBD sequence. The red double-arrow indicates the region containing
the corresponding major broadened resonances, which was mapped mostly on the R2-R3 repeats. Localization of the

PHF6* and PHF6 peptide sequences is indicated.



VHH kon (1/M.s) |koff (1/s)] Kd (nM)
E4-1 4982 0.0017 345
Z70 18100 0.0026 147
Tau peptide sequence kon (1/M.s) | koff (1/s)| Kd (nM)

273GKVQIINKKLDLSNVQSKCGSKDNIKHVPGGGSV
QIVYKPVDLSKVass 106158 0.00214 21

K18 Tau[245-368] 23523 0.00343 146
K18 PHF6x2 |Tau[245-368] with [274-282] mutated as SVQIVYKPV 29426 0.00099 34
K18 PHF6*x2 | Tau[245-368] with [301-309] mutated as KVQIINKKL 16534 0.00659 398

Tau[273-318]

Figure S7 : Thermokinetic parameters of the interaction of VHH Z70 and VHH E4-1 with Tau, Tau MTBD and the
PHF6/PHF6* sequences. Tables corresponding to k,, k ¢ and resulting Kd obtained from SPR experiments with biotinylated Tau
(upper table) or VHH-Z70 biotinylated on a C-terminal Cys residue (lower table) immobilized on the chips. Sequence of the
Tau[273-318] peptide (containing both PHF6* and PHF6 sequences) is included (lower table). See also Figure S10.



305-SVQIVYKPV-313

Figure S8 : Identification of the minimal epitope recognized by VHH Z70 using Tau fragment library and yeast two
hybrid. Sequence alignment of the 90 Tau fragments corresponding to the 90 positive colonies picked on selective growth
conditions and thus binding VHH Z70. The minimal common sequence is highlighted. Sequences are not meant to be read.
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Figure S9 : Identification of VHH Z70 epitope using 2D HSQC NMR experiment of Tau2N3R. A : Overlays of 'H, PN, full
spectrum and enlargements of 'SN-labelled Tau 2N3R alone (red) or mixed with non-labelled VHH Z70 (blue). Spectra
enlargements show broadened resonances corresponding to residues implicated in the interaction. B : Intensities ratio I/I0 of
corresponding resonances in the 2D spectra of Tau 2N3R with equimolar quantity of VHH (I) or free in solution (I10) for residues
along the Tau 2N3R sequence. Tau 2N3R lacks the R2 repeats. Tau 2N3R residue numbering corresponds to the Tau 2N4R
sequence, for clarity. The red double-arrow indicates the region containing the corresponding major broadened resonances, which
was mapped mostly on the PHF6 motif, showing PHFG6 is sufficient for VHH Z70-Tau binding. Localization of the PHF6 peptide

sequence is indicated.
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Figure S10 : The PHF6 peptide sequence is the main binding site for VHH Z70

A : Sequence alignment of Tau MTBD (starting at Q244) and chimeric MTBD sequences. PHF6 peptide is highlighted in blue,
PHF6* in red. B-D : Sensorgrams (reference subtracted data) of single cycle kinetics analysis performed on immobilized
biotinylated VHH Z70, with five injections of B : MTBD or K18 or C : chimeric MTBD with two PHF6/PHF6x2 or D : chimeric
MTBD with two PHF6*/ PHF6*x2, at 0.125 uM, 0.25 uM, 0.5 uM, 1 uM, and 2 pM (n=1). Dissociation equilibrium constant Kd
were calculated from the ratio of off-rate and on-rate kinetic constants koff/kon (Figure S7). Black lines correspond to the fitted
curves, red lines to the measurements.



VHH residue Atom Tau residue Atom Distance (A)
Asp 106 oD1 Lys 311 N 2.91
Leu 107 N Vas 309 o 2.89
Leu 107 0] Val 309 N 2.80
Ala 109 N Gin 307 0 2.77
Ala 109 o GIn 307 N 2.88

Figure S11 : Crystal structure of the PHF6 peptide sequence bound to VHH Z70

A : Cartoon representation of VHH Z70 in complex with Tau[301-312] peptide. The two views correspond to a 90° rotation
around the y axis. A 3D rotating view is provided as a supplemental Video S1. Framework regions of the VHH are represented in
green and the PHF6 Tau peptide in cyan. VHH CDRI1 is represented in pink, CDR2 in dark blue and CDR3 in red. The region
boxed in red is enlarged. Dashed blue lines correspond to intermolecular H-bonds as detail in C. Red/green dashed cartoon line is
undefined in the structure. See supplemental Video S1. B : Cartoon and transparent surface representation. Color code as in A.
Buried residues are represented as lines. Right panel is a tearing through the interface. Intermolecular H-bonds are represented as
blue dashes and the residues involved in the interaction are represented as sticks. C : Table of the intermolecular H-bonds



Tau w/o heparin Tau + heparin Cc Tau + VHH F8-2

E Tau + VHH Z70

Figure S12 VHH E4-1 and VHH 770 inhibit in vitro Tau aggregation Transmission electron microscopy images at the
end point of the aggregation assays (Figure 4) A : in the absence of heparin or B : in the presence of heparin and C-E in
the presence of heparin and the additional presence of C : VHH F8-2 D : VHH E4-1 E : VHH Z70 (for Tau/VHH molar
ratio of 1 : 1) (n=2).
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Figure S13 : Intracellular expression of VHH-Z70: HEK293 cells were infected with LVs encoding VHH-Z70 N-
terminally fused to mCherry or non infected (NI). Forty-eight hours later, the cell lysate and the medium were
recovered and analysed by western-blotting. VHH 70 expression (black arrow) was revealed thanks to the mCherry

tag using primary antibody against mCherry.
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Figure S14 : VHH Z70 expression in the hippocampus. One month-old THY-tau30 mice were treated with bilateral
intracranial injections of LVs encoding VHH Z70. Two weeks later mice received stereotaxic injection of AD brain lysate.
Mice were sacrificed 4 weeks later and the whole brains were processed for immunohistochemical analyses. VHH Z70 was

detected using a primary antibody against mCherry tag (visualised in green). VHH Z70-immunoreactivity is detected in all
regions covering the bregma where Tau pathology has been quantified.



Figure S15 : VHH Z70 reduces human Tau seeding induced by extracellular human pathological Tau species: One
month-old THY-tau30 mice were treated with bilateral injections of LVs A : encoding VHH-anti GFP or B : VHH Z70.
Two weeks later mice received stereotaxic injection of AD brain lysate. Mice were sacrificed 4 weeks later and the whole
brains were processed for immunohistochemical analysis using ATS. Sections from the hippocampus (injection site) are
shown. Scale bars are indicated on the figure.



Figure S16 : No Tau lesion in VHH 70-positive neurons- One month-old Tg30tau mice were treated with bilateral
intracranial injections of LVs encoding GFP-specific VHH (A-C-E, one mouse) or VHH Z70 (B-D-F and B’-D’-F’,
two different mice). Two weeks later mice received stereotaxic injection of AD brain lysate. Mice were sacrificed 4
weeks later and the whole brains were processed for AT8 (red) and mcherry (green) immunoreactivities (VHH Z70
was detected using a primary antibody against mCherry fusion domain). Nuclei are vizualized in blue. Enlargements
(white rectangles) of E, F, F’ are shown in Figure 6D. The scale bar is indicated on the figure.



Figure S17 : Structure-based representation of VHH Z70 interaction with AD Tau fiber

A-B : Structure of VHH Z70 (in green) was solved in this study. Cryo-EM structure of Tau fiber (in blue) was obtained from
PDB: 503L. Color code of the loops as in Figure S11. Dashed cartoon line at CDR3 / FR4 junction illustrates the unresolved
segment due to high flexibility. Structures were positioned by hand using superimposition of the PHF6 B-strand respectively in
complex with VHH Z70 and within the fiber (with Pymol). B : Enlargement of the red-boxed zone of A. Intermolecular H-
bonds are illustrated by dashed red lines. The fiber elongation axis is illustrated by an arrow. The only accessible PHF6 strand
at the fiber extremity is annotated.

This representation of the complex shows the complementation of the fiber B-sheet by the VHH Z70 B-hairpin in the CDR3
upon interaction with the PHF6 B-strand within the fiber. This complex representation supports the hypothesis that the
interaction is sterically only feasible at the free extremity of the fiber or oligomer of Tau. Such interaction would be expected
to disrupt the seeding and fiber elongation.



3390
S5pTCTGCACAATATTTCAAGCTATACCAAGCATACAATCAACTCCAAGCTAGAACCATGGCGGAAGTGCAGCTGCAGGCTC
3880

3pTCTTCTTTTTTGGAGGCTCGGGAATTAATTCCGCTTTATCCATCTTTGCGGCGGCCGCGCTACTCACAGTTACCTG

6690
5pCAGGGCAATAAAGTCGAACT,
6972
5pGACCTACAGGAAAGAGTTACTC

10829
S5pCTATTCGATGATGAAGATACCCCACCAAACCCAAAAAAAGAGATCCTAGAACTAGACACTCTTTCCCTACACGACGCTCTTCC
10830
5pCCGGGCCTCTAGACACTAGCTACTCGAGGGGCCCCAGTGGCCCTATCTATGCGGCCGCTCAGACTGGAGTTCAGACGTGTGCTC

Figure S18 Oligonucleotide sequences (Material and Methods)
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Figure S19 : VHH expression in the biosensor seeding reporter cells. HEK293 Tau RD P301S cells were
transfected with plasmids encoding the different mCherry-VHH. mCherry fluorescence was evaluated by flow
cytometry showing that transfection efficiency is equivalent : 44.8 % (£ 2.2%) for VHH-F8-2, 46.6 % (+ 1.8%) for

VHH VE4-1 and 47.2 % (% 2;5%) for VHH Z70.
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Figure S20 : No VHH toxicity in vivo- Mice were weighted three times: 1 Month : before injection of LVs, 1.5
Month : before injection of human brain lysate and 2.5 Month : at sacrifice. Weights were normalized to the first
weighting (100%). VHH 70 and VHH anti-GFP correspond to mice injected with one of these VHHs and AD
human brain lysate.
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