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Tauopathies are neurodegenerative diseases that involve tau misfolding and aggregation in the brain.
These diseases, including Alzheimer's disease (AD), are some of the least understood and most difficult to
treat neurodegenerative disorders. Antibodies and antibody fragments that target tau oligomers, which
are especially toxic forms of tau, are promising options for immunotherapies and diagnostic tools for
tauopathies. In this study, we have developed conformational, tau oligomer-specific nanobodies, or
single-domain antibodies. We demonstrate that these nanobodies, OT2.4 and OT2.6, are highly specific
for tau oligomers relative to tau monomers and fibrils. We used epitope mapping to verify that these
nanobodies bind to discontinuous epitopes on tau and to support the idea that they interact with a con-
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formation present in the oligomeric, and not monomeric or fibrillar, forms of tau. We show that these
nanobodies interact with tau oligomers in brain samples from AD patients and from healthy older adults
with primary age-related tauopathy. Our results demonstrate the potential of these nanobodies as tau oli-
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Introduction

Neurodegenerative diseases that involve the misfolding and
deposition of aggregates of the protein tau, termed tauopa-
thies, are among the most common neurodegenerative dis-
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gomer-specific binding reagents and future tauopathy therapeutics and diagnostics.

eases and include Alzheimer’s disease (AD) and other less
widespread disorders such as progressive supranuclear palsy,
Pick’s disease, and corticobasal degeneration." These neurode-
generative diseases disproportionately affect older adults, so as
the size and life expectancy of the human population increase,
so will the impact tauopathies have on society. Despite the
growing burden of tauopathies, there are few options for safe
and effective disease-modifying treatments for them.? In
addition to the lack of effective therapies for tauopathies, there
is a need for better diagnostics and research tools to study
these diseases. Conformational antibodies that target aggre-
gates of the amyloidogenic proteins involved in neurodegen-
erative diseases, namely tau, amyloid-p, and o-synuclein, are
promising candidates for treatments to slow the progression of
neurodegenerative diseases and are useful as reagents to
understand the aggregation of amyloid proteins and the role
of aggregation in disease progression.*”’

In AD, the aggregation of both tau and amyloid-f proteins
plays a role in the progression of the disease. Studies show
that amyloid-p oligomerization precedes and may promote tau
oligomerization.®° In AD patients, amyloid-p aggregation into
amyloid plaques is followed by elevated levels of hyperpho-
sphorylated tau and tau aggregation.®® Tau pathology is more
closely related to cognitive decline and clinical symptoms of
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AD than amyloid-p pathology, suggesting that tau pathology is
likely responsible for neurodegeneration.>® Lecanemab is a
monoclonal antibody that binds specifically to large, soluble
amyloid-p protofibrils and is approved by the FDA for the treat-
ment of AD.'® Treatment with lecanemab reduced brain
amyloid levels and cognitive decline in patients with early
AD." The success of lecanemab motivates the further study of
amyloid oligomers and protofibrils as targets for drug
development.

Tau belongs to the family of microtubule-associated pro-
teins and natively exists as an unfolded monomer bound to
microtubules.'” Tau pathology is closely related to the pro-
gression and symptoms of AD.'* In AD, tau becomes hyper-
phosphorylated and undergoes other posttranslational modi-
fications leading to its dissociation from microtubules, mis-
folding, and aggregation into oligomers and larger fibrils, the
primary component of neurofibrillary tangles (NFTs).'*> Many
studies have indicated that soluble tau oligomers, and not
fibrils, are the most toxic form of tau.'*"'” Prefibrillar soluble
aggregates or oligomers and protofibrils of tau, not NFTs, cor-
relate with cognitive deficits in transgenic mouse models of
AD and in humans."*"® Additionally, small, soluble oligo-
mers, rather than fibrils, are prion-like in nature, exhibit
seeding behavior, and are responsible for the spread of tau
pathology throughout the brain.">'® Finally, oligomers, not
fibrils, propagate or induce toxic effects in vivo.'” For
example, when administered to wild-type mice, tau oligo-
mers, not monomers or fibrils, induce synaptic damage,
mitochondrial dysfunction, and cognitive deficits.’” This evi-
dence suggests that tau oligomers are an attractive target for
passive immunotherapy.

Many groups have developed antibodies that interact with
tau oligomers, but few antibodies are available that confor-
mationally and specifically target tau oligomers."® ! Castillo-
Carranza et al. report the development of a tau oligomer-
specific monoclonal antibody (TOMA), via the immunization
of mice with tau oligomers formed spontaneously from recom-
binant tau monomers.* They found that a single injection of
TOMA in P301L tau (JNPL3) mice, a mouse model of tauopa-
thy, or in htau mice (over-expressing human tau) along with
the administration of brain-derived tau oligomers, conferred
protection against the accumulation of tau oligomers and loco-
motor and memory deficits.*” TOC1, a monoclonal antibody
that binds dimeric and larger tau oligomers but not fibrils,
was developed by Patterson et al. by immunization of mice
with cross-linked tau dimers and oligomers.”> When used to
stain human tissue from an AD patient, TOC1 colocalizes with
Tau pS422, an early marker of tau pathology, and not with NFT
markers.?” Tai et al. describe the development of APNmAb005,
a monoclonal antibody that preferentially binds early-stage oli-
gomers over tau monomers and late-stage oligomers through
the immunization of mice with tau aggregates encapsulated in
artificial vesicles.”® In a tauopathy mouse model, rTg4510,
treatment with APNmAb005 partially rescued neuronal loss.*?
Ongoing phase I clinical trials with a humanized APNmAbO005
began in May 2022. The specificity and binding sites of these
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antibodies, other tau oligomer-targeting antibodies, and tau-
targeting antibodies can be found in ESI Table 1.}

The success of these approaches emphasizes the diagnostic
and therapeutic value of antibodies targeting tau oligomers. In
this work, we have taken a different approach focusing on
nanobodies or single-domain antibodies. Specifically, we have
generated conformational, tau oligomer-specific nanobodies
through the screening of a synthetic yeast surface display
nanobody library against recombinant tau oligomers.
Nanobodies are single-domain antibody fragments derived
from heavy-chain camelid antibodies. They exhibit high
binding affinity and selectivity towards a target antigen, high
thermal stability, and can be expressed in bacterial and yeast
cells.>® Because of their single-domain nature, they are easily
engineered in a multivalent format to enhance avidity. Their
small size and extended CDR3 loop allow them to bind
concave or less accessible epitopes on antigens.?

While a few tau-targeting nanobodies have been
developed,”®™® to our knowledge, there are no reports of con-
formational tau oligomer-specific nanobodies. A few nanobo-
dies specific for oligomers of the small amyloidogenic peptide
amyloid-p have been identified;**® however, no confor-
mational nanobodies specific for oligomers of o-synuclein,
another large amyloidogenic protein, have been developed
either. The development of amyloid oligomer-specific nanobo-
dies is thus a relatively unexplored field.

Here, we establish a method to develop conformational
nanobodies that bind specifically to tau oligomers over mono-
mers or fibrils and identify and characterize two of these tau
oligomer-specific nanobodies. We show that our nanobodies
bind to nonoverlapping epitopes on tau, which are exposed
and properly folded only in the oligomeric conformation. Our
nanobodies bind to tau oligomers of various sizes present in
the brains of older adults and AD patients. Because of their
smaller size and the shape of their paratope, these single-
domain antibodies likely interact with tau oligomers at three-
dimensional epitopes different from the previously reported
tau oligomer-specific monoclonal antibodies. These nanobo-
dies could be developed into disease-modifying treatments for
AD and other tauopathies and are valuable reagents for the
identification and characterization of tau oligomers.

Materials and methods
Expression and purification of tau monomers and oligomers

The gene encoding 2N4R human tau with mutations F8W,
C291A, and C322A was synthesized and cloned into the
pET-28b plasmid without a His-tag from Gene Universal Inc.
(Newark, DE). This mutant 2N4R tau was expressed and puri-
fied as described previously.>® The tau-containing plasmid was
transformed into BL21(DE3) E. coli (New England Biolabs)
according to the manufacturer’s protocol. Four 5 mL cultures
of LB media with 50 pg mL™" kanamycin were inoculated with
the transformed E. coli. The culture was incubated overnight at
37 °C with rotation. The next day, the four 5 mL cultures were
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used to inoculate 1 L of LB media with 50 pg mL™" kanamycin.
The culture was grown until it reached an ODgg, value between
0.6 and 0.8 at 37 °C and 225 rpm. 0.9 mM IPTG was added to
the culture to induce protein expression, and the culture was
incubated with rotation at 225 rpm overnight at 22 °C.

The next day, the cells were pelleted by centrifugation at
7000g for 7 min and resuspended in 20 mL of lysis buffer
(20 mM Tris, 100 mM NaCl, 1 mM EDTA, 1 mM PMSF, pro-
tease inhibitor tablet [Sigma-Aldrich]). The cell slurry was soni-
cated eight times at 25% amplitude with 40 s on and 60 s off
pulses, and centrifugation at 15 000g for 10 min was used to
separate the cell debris from the lysate. The lysate was boiled
in a water bath at 100 °C for 30 min, and then the boiled lysate
was centrifuged at 15 000g for 10 min. The pellet containing
precipitated, denatured proteins was discarded, and tau was
purified from the supernatant using immobilized metal
affinity chromatography (IMAC). Although there is no His-tag
on this tau construct, it still interacts with IMAC resin in the
absence of imidazole. 2.5 mL of HisPur Ni-NTA resin (Thermo
Fisher Scientific) was mixed with the tau-containing super-
natant for 1 h at 4 °C. The resin slurry was then loaded into a
gravity flow column (G-Biosciences), and the resin was washed
with 20 mL of IMAC equilibration buffer (20 mM Tris HCI,
500 mM NaCl, pH 8.0). Tau was eluted in 8 mL of imidazole-
containing elution buffer (20 mM Tris HCl, 500 mM NaCl,
100 mM imidazole, pH 8.0) and then concentrated with a
10 kDa MWCO centrifugal filter (MilliporeSigma). To separate
tau monomers from tau oligomers that form spontaneously
during the expression and purification process, size exclusion
chromatography (SEC) with a Superdex 200 Increase 10/300 GL
column (Cytiva) in PBS (137 mM NacCl, 2.7 mM KCl, 10 mM
Na,HPO,, 1.8 mM KH,PO,, pH 7.4) was conducted. Tau
monomer and oligomer concentrations were determined by
the bicinchoninic acid (BCA) assay (Thermo Scientific) and
protein purity was confirmed by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE).

Tau biotinylation

EZ-Link Sulfo-NHS-LC-Biotin (Thermo Scientific) was used to
biotinylate tau monomers and oligomers according to the
manufacturer’s protocol. The biotinylated protein was buffer
exchanged into TBS (20 mM Tris HCI, 100 mM NaCl, pH 7.4)
with a 10 kDa MWCO centrifugal filter (MilliporeSigma) to
remove excess biotin reagent. The extent of biotinylation was
measured by characterizing mixtures of streptavidin (Rockland
Immunochemicals) and biotinylated tau monomers or oligo-
mers with SDS-PAGE at 4 °C.

Tau fibril formation

To form tau fibrils, 5 pM tau monomers, 2.5 uM heparin, and
PBS were mixed in a final volume of 1 mL. This mixture was
incubated at 37 °C at 250 rpm for 3-4 days. To remove leftover
tau monomers, the tau fibrils were buffer exchanged with a
100 kDa MWCO centrifugal filter (MilliporeSigma) into HEPES
buffer (20 mM HEPES, 100 mM NaCl, 1 mM EDTA, pH 7.4),
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and the fibril concentration was determined by the BCA assay
(Thermo Scientific).

Dynamic light scattering

100 pL of tau monomers, oligomers, or fibrils at 70 pg mL™*
were added to a ZEN0040 cuvette (Malvern) and loaded into a
Zetasizer Nano ZS instrument (Malvern). Zetasizer software
(Malvern) was used to record 5 size measurements per sample
at 25 °C using refractive index and absorption parameters for a
protein sample in PBS with a 173° backscatter measurement
angle.

SDS-PAGE

1 ug of protein was diluted in Nu-PAGE lithium dodecyl sulfate
(LDS) sample buffer (Invitrogen). Protein samples and
PageRuler Plus Prestained Protein Ladder (Thermo Scientific)
were loaded onto a 4-12% Bis-Tris gel (Invitrogen) and the gel
was run for 50 min at 120 V. Gels that were not transferred
onto a membrane for western blots were rinsed with water,
stained with Imperial Protein Stain (Thermo Scientific),
destained in water, and imaged using the ChemiDoc MP
imaging system (Bio-Rad).

Tau immunoblot characterization

Dot blots and western blots with Tau5 and T22*° antibodies
were used to characterize tau monomers, oligomers, fibrils,
and biotinylated tau monomers and oligomers. Dot blots were
conducted by spotting 0.1 pg of tau protein or BSA in 1.3 pL
PBS onto a 0.2 pm nitrocellulose membrane in triplicate. The
membrane was allowed to dry for 30 min and then blocked
with 5% BSA in TBST (20 mM Tris, 150 mM NaCl, 0.1%
Tween-20, pH 7.4) for 1 h at room temperature. The membrane
was next incubated with Tau5 primary antibody (Invitrogen,
1:5000) in 5% BSA in TBST for 2 h at room temperature. The
membrane was washed with TBST three times for 5 min and
incubated with goat anti-mouse IgG Alexa Fluor 647
(Invitrogen, 1:2000) secondary antibody in 5% BSA in TBST
for 1 h at room temperature. The membrane was washed with
TBST three times for 5 min and imaged with the ChemiDoc
MP imaging system (Bio-Rad). With the same membrane,
primary and secondary antibody incubations were repeated
with T22 (1:250) and donkey anti-rabbit IgG Alexa Fluor 488
(Invitrogen, 1:2000), respectively, and the membrane was
imaged with the ChemiDoc MP imaging system (Bio-Rad).
Western blots were conducted with tau monomers, oligo-
mers, and biotinylated tau monomers and oligomers. 1 pg of
protein was run on SDS-PAGE as described and proteins were
transferred to a 0.2 pm nitrocellulose membrane using a
Trans-Blot Turbo Mini 0.2 pm Nitrocellulose Transfer Pack
(Bio-Rad) and a Trans-Blot Turbo Transfer System (Bio-Rad).
The membrane was rinsed with TBST and then, to confirm
protein transfer, was stained with Ponceau S solution
(Rockland Immunochemicals) for 15 min. The membrane was
rinsed with water and then imaged with the ChemiDoc MP
imaging system (Bio-Rad). The membrane was washed with
TBST three times for 5 min to remove the Ponceau S solution
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and then blocked with 5% BSA in TBST for 1 h at room temp-
erature. Antibody incubations and membrane imaging were
conducted as described for dot blots.

Yeast cell culture

Yeast cells expressing the synthetic nanobody library®® were
grown overnight in tryptophan deficient SD-Trp media (3.8 g
L' yeast synthetic drop-out medium supplements without
tryptophan, 6.7 g L™" yeast nitrogen base, 20 g L™" glucose, 100
U mL™" penicillin-streptomycin, pH 6.0) at 30 °C, 225 rpm,
and 107 cells per mL. Nanobody expression on the surface of
the cells was induced by culturing the yeast in SG-Trp media
(3.8 g L' yeast synthetic drop-out medium supplements
without tryptophan, 6.7 g L™ yeast nitrogen base, 20 g L™
galactose, 100 U mL™" penicillin-streptomycin, pH 6.0) over-
night at 25 °C and 250 rpm.

Magnetic-activated cell sorting

Magnetic-activated cell sorting (MACS) was performed as
described previously.”® Two rounds of MACS were conducted
to select tau oligomer-binding nanobodies. In each round,
negative selections were followed by a positive selection
against tau oligomer-coated magnetic Dynabeads Biotin
Binder beads (Invitrogen).

Dynabeads were prepared following the manufacturer’s pro-
tocol. For MACS Round 1, to prepare oligomer-coated beads
for positive selection, 10” beads were first washed twice using
a magnet and PBS with 0.1% BSA and then incubated with
12.5 ng of biotinylated tau oligomers in 500 pL of 0.1% BSA in
PBS overnight at 4 °C with rotation. 10” beads for negative
sorts containing no tau protein were washed and incubated in
0.1% BSA in PBS overnight at 4 °C with rotation. The following
day, the beads were washed with 0.1% BSA in PBS and resus-
pended in 100 pL of 0.1% BSA in PBS. 10'® nanobody-expres-
sing library cells were mixed with the unlabeled Dynabeads
and incubated for 1 h at room temperature with rotation.
Unbound yeast cells were then collected with a magnet, and
this negative selection step against unlabeled beads was
repeated once. After the negative selections, the remaining
yeast cells were incubated with tau oligomer-coated beads for
1 h at room temperature with rotation. Unbound cells were dis-
carded, and the beads were washed 5 times with 1 mL of 0.1%
BSA in PBS using a magnetic tube rack. The beads were trans-
ferred to 5 mL of SD-Trp media and yeast cells bound to the
beads were grown for 48 h at 30 °C and 250 rpm.

During MACS Round 2, two sets of selections starting with
10° nanobody-expressing MACS Round 1 yeast cells were per-
formed in parallel. Negative selections against unlabeled
Dynabeads were first performed as described with both sets of
yeast. After negative selections against the unlabeled
Dynabeads, one set of yeast underwent a negative selection
against 10°® Dynabeads coated with 1.25 pg of biotinylated tau
monomers. Finally, a positive selection with both sets of yeast
against tau oligomer-coated beads was performed as
described. Oligomer-coated beads for the positive selection
were prepared by mixing 10° Dynabeads with 1.25 pg of bioti-
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nylated tau oligomers in 50 pL of 0.1% BSA in PBS overnight at
4 °C with rotation.

Fluorescence-activated cell sorting

Two rounds of fluorescence-activated cell sorting (FACS) were
conducted with yeast from each of the two MACS Round 2
sorts—one without a negative selection against tau monomers
and one with a negative selection against tau monomers.
Induced yeast cells from the previous MACS or FACS rounds
were labeled for FACS as described previously.>® 107 yeast cells
were labeled with 10 nM biotinylated tau oligomers and with
an anti-HA tag rabbit antibody (Invitrogen, 1: 200) to check for
nanobody expression in 100 puL of 0.1% BSA in PBS for 20 min
at room temperature with rotation. Yeast cells were washed
with 0.1% BSA in PBS and then incubated with streptavidin
R-phycoerythrin conjugate (Invitrogen, 1:250) and donkey
anti-rabbit IgG Alexa Fluor 488 (Invitrogen, 1:500) in 100 pL
of 0.1% BSA for 10 min on ice. Cells were washed with 0.1%
BSA in PBS and sorted on a BD FACSAria Fusion cytometer.
Selected yeast cells were added to 5 mL of SD-Trp media and
cultured for 48 h.

Individual nanobody selection

Yeast cells from each of the four FACS rounds were plated on
SD-Trp agar plates (SD-Trp media supplemented with 15 g L™"
agar) and grown for 48 h at 30 °C. 15 colonies from each
round of sorting were randomly selected and used to inoculate
5 mL SD-Trp cultures. The cultures were allowed to grow for
24-48 h, and then plasmid DNA was extracted from the yeast
using a Zymoprep Yeast Plasmid Miniprep II kit (Zymo
Research). The extracted plasmids were transformed into NEB
5-alpha Competent E. coli cells (New England Biolabs) accord-
ing to the manufacturer’s protocol. The transformed E. coli
was grown in 5 mL of LB media with 100 ug mL~" ampicillin
overnight at 37 °C with rotation. Plasmid DNA was extracted
from the E. coli using the E.Z.N.A. Plasmid Mini Kit I (Omega
Bio-tek) and sequenced by MCLAB (San Francisco, CA).

Flow cytometry

10” nanobody-expressing yeast cells were labeled with biotiny-
lated tau oligomers or biotinylated tau monomers and with an
anti-HA tag rabbit antibody (Invitrogen, 1:200) in 100 pL of
0.1% BSA in PBS for 20 min at room temperature with rotation.
Yeast cells were washed once with 0.1% BSA in PBS and incu-
bated in 100 pL of 0.1% BSA for 10 min on ice with streptavi-
din R-phycoerythrin conjugate (Invitrogen, 1 :250) and donkey
anti-rabbit IgG Alexa Fluor 488 (Invitrogen, 1:500). Cells were
washed with 0.1% BSA in PBS and tau binding was evaluated
on a CytoFLEX S flow cytometer (Beckman Coulter). Data ana-
lysis was performed using the CytExpert software (Beckman
Coulter).

Expression and purification of bivalent OT2.4-Fc, OT2.6-Fc,
and MT3.1-Fc

Genes encoding bivalent OT2.4 fused to a rabbit IgG Fc and bi-
valent OT2.6 fused to a mouse IgG Fc (used for epitope

This journal is © The Royal Society of Chemistry 2024
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mapping analysis and dot blotting) and bivalent OT2.4 or bi-
valent OT2.6 fused to a human IgG Fc (used for immunoblot
analysis) were synthesized and cloned into the TGEX-HC
plasmid (Antibody Design Labs) from Gene Universal (Newark,
DE). These plasmids and a TGEX-HC plasmid for the
expression of bivalent MT3.1 fused to a human IgG Fc were
transfected into Expi293F cells (Thermo Fisher Scientific)
using the ExpiFectamine 293 Transfection Kit (Thermo Fisher
Scientific) and protocol. The Fc fusion proteins were expressed
for six days in the Expi293F cells and purified as previously
described.?® Cell cultures were centrifuged at 5000g for 10 min
to pellet out the Expi293F cells, and the supernatant was
loaded onto a 1 mL HiTrap MabSelect SuRe column (GE). Fc
fusion proteins were purified according to the manufacturer’s
protocol. Protein elution was conducted with a 20 column
volume linear gradient of 0.1 M sodium citrate, pH 3.5, and
the purified Fc fusion proteins were dialyzed into PBS. Protein
concentrations were determined using the BCA assay (Thermo
Scientific) and purity was confirmed by SDS-PAGE.

0T2.4 and OT2.6 western blot characterization

Western blots with 1 pg of tau monomers and oligomers were
conducted as described above to probe binding of OT2.4 and
OT2.6 to tau monomers and oligomers. 50 nM bivalent OT2.4-
Fc or bivalent OT2.6-Fc were used as primary antibodies and
goat anti-human IgG Alexa Fluor 488 (Invitrogen, 1:2000) was
used as the secondary antibody.

OT2.4 and OT2.6 dot blot characterization

Two-fold serial dilutions of tau monomers, oligomers, or
fibrils starting at 256 ng pL " in 1 pL of PBS were spotted onto
a 0.2 um nitrocellulose membrane in triplicate. Dot blots were
probed as described above with 50 nM bivalent OT2.4-Fc or bi-
valent OT2.6-Fc. Goat anti-human IgG Alexa Fluor 647
(Invitrogen, 1:2000) was used as the secondary antibody.
Significance was determined by Brown-Forsythe and Welch
ANOVA tests between binding to 256 ng of each antigen.
Statistical analysis was carried out using Prism 10 (GraphPad).

For ECsq calculations, 0.1 pg of tau oligomer 1, oligomer 2,
or oligomer 3 were spotted onto 0.2 um nitrocellulose mem-
branes in triplicate. Oligomer 1 and oligomer 2 were separate
preparations of tau oligomers produced with the method
described above. Oligomer 3 was produced with a different
protocol as described previously.*"** Dot blots were probed as
described above with three-fold serial dilutions of bivalent
OT2.4 fused to a rabbit Fc or bivalent OT2.6-Fc. Donkey anti-
rabbit IgG Alexa Fluor 488 (Invitrogen, 1:2000) or goat anti-
human IgG Alexa Fluor 647 (Invitrogen, 1:2000) were used as
secondary antibodies for probing OT2.4 or OT2.6 binding,
respectively. Binding data for each combination of tau oligo-
mer antigen and nanobody were fit to a binding isotherm
using global nonlinear least squares regression.*’ Maximum
absorbance values for each repeat were used to normalize the
data. A single ECs, value for each antigen and nanobody com-
bination was determined as a fitted parameter across all three
repeats.
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Bis-ANS assay

200 nM tau oligomers were incubated with various concen-
trations of bivalent OT2.4-Fc, bivalent OT2.6-Fc, or a control Fc
fusion nanobody (1:2, 1:4, and 1:8 molar ratios of tau
oligomers : nanobody) for 90 minutes. These mixtures or tau
oligomers with no nanobody were then used to seed freshly
prepared 20 pM tau monomers. Samples were incubated for
48 hours with shaking at 300 rpm. Bis-ANS assays were per-
formed using a BioTek Synergy H1 Multimode Reader. In
brief, 50 pL of each incubated sample was added to a clear-
bottom 96-well plate at a final concentration of 2 uM protein,
with 40 pM bis-ANS. Bis-ANS fluorescence was measured at
490 nm following excitation at 380 nm. Each sample was
tested in triplicate, and data were analyzed using GraphPad
Prism. Significance was determined by two-way ANOVA.

Binding epitope analysis

Epitope mapping with OT2.4 and OT2.6 was performed using
a membrane containing overlapping 15 amino acid peptides
scanning the full length 2N4R human tau sequence. The pep-
tides were synthesized on a PepSpots cellulose membrane (JPT
Peptide Technologies, Berlin, Germany). Peptides overlapped
by 11 amino acids. The peptide membrane was rinsed with
methanol for 5 min and washed three times with TBST
(50 mM Tris, 137 mM NacCl, 2.7 mM KCl, 0.05% Tween-20, pH
8.0) for 3 min. The membrane was blocked with 5% BSA in
TBST at 4 °C overnight and then incubated with 1 pg mL™" bi-
valent OT2.4 fused to a rabbit Fc (12.8 nM) in 5% BSA in TBST
at 4 °C overnight. The membrane was washed three times with
TBST for 5 min and incubated with HRP-conjugated donkey
anti-rabbit IgG (Cytiva, 1:5000) in 5% BSA in TBST for 1 h at
room temperature. The membrane was washed three times
with TBST for 5 min and then incubated with SuperSignal
West Femto Maximum Sensitivity Substrate (Thermo
Scientific) for 30 s and imaged using the ChemiDoc MP
imaging system (Bio-Rad).

The membrane was also incubated with 1 ug mL™" bivalent
OT2.6 fused to a mouse Fc (12.5 nM) in 5% BSA in TBST at
4 °C overnight. The membrane was washed three times with
TBST for 5 min and incubated with a goat anti-mouse IgG
Alexa Fluor 546 (Invitrogen, 1:2000) in 5% BSA in TBST for
1 h at room temperature. The membrane was washed three
times with TBST for 5 min and imaged using the ChemiDoc
MP imaging system (Bio-Rad).

Western blotting of human tissue lysates

Tissues were collected post-mortem from patients who had
provided prior informed consent and cryopreserved at the
Emory University Goizueta Alzheimer’s Disease Research
Center in accordance with guidelines approved by the Emory
University Institutional Review Board. Postmortem brain tissue
from human subjects with AD (n = 5) and control subjects (n =
5), obtained from the Goizueta Alzheimer’s Disease Center at
Emory University, were lysed in PBS (137 mM NacCl, 2.7 mM
KCl, 10 mM Na,HPO,, 1.8 mM KH,PO,, pH 7.4). Sections of
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approximately 100 mg were cut from frozen tissues and placed
into 300 pL ice cold PBS containing cOmplete™, Mini Protease
Inhibitor Cocktail (Roche, 1 tablet per 5 mL). Tissues were
lysed using a TissueLyser II (Qiagen) and one 5 mm stainless
steel bead (Qiagen) per sample for 4 min at 30 Hz. The stain-
less steel beads were removed, and the lysates were centrifuged
at 13 000 rpm and 4 °C for 10 min. The pellet was discarded,
and a BCA assay (Thermo Scientific) was performed with the
supernatant to determine the total protein concentration. The
tissue lysate was aliquoted and stored at —80 °C.

Frozen lysates were thawed on ice and 15 pg of total protein
was diluted in Laemmli sample buffer (Bio-Rad) and run on
two identical western blots as described above. First, 5 nM bi-
valent OT2.4-Fc (membrane 1) or 5 nM bivalent OT2.6-Fc
(membrane 2) primary antibodies and goat anti-human IgG
Alexa Fluor 488 (Invitrogen, 1:2000) secondary antibodies
were used to probe OT2.4 and OT2.6 binding to the tissue
samples. Both membranes were then incubated with 3 nM
Phospho-Tau (Ser202, Thr205) monoclonal antibody (ATS8)
(Invitrogen) primary antibody, washed with TBST (20 mM Tris,
150 mM NaCl, 0.1% Tween-20, pH 7.4), and incubated with
goat anti-mouse IgG Alexa Fluor 647 (Invitrogen, 1:2000) sec-
ondary antibody. Membrane 2 was incubated with T22 (1 :250)
primary antibody, washed with TBST, and incubated with
HRP-conjugated donkey anti-rabbit IgG (Cytiva, 1:5000) to
confirm the presence of tau oligomers. Next, antibodies were
stripped from both membranes using Restore Western Blot
Stripping Buffer (Thermo Scientific) for 30 min at 37 °C with
shaking. The membranes were washed three times for 5 min
with TBST, blocked with 5% BSA in TBST for 1 h at room temp-
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erature, incubated with GAPDH primary antibody (GeneTex,
1:1000), washed with TBST, and incubated with goat anti-
mouse IgG Alexa Fluor 647 (Invitrogen, 1:2000) secondary
antibody. All images were taken using the ChemiDoc MP
imaging system (Bio-Rad).

Results and discussion
Identification of tau oligomer-specific nanobodies

To identify tau oligomer-specific nanobodies, we screened a
synthetic yeast surface display nanobody library against recom-
binant tau oligomers. The nanobody library was created by
McMahon et al. and designed to recapitulate the natural
amino acid diversity seen in the CDRs of camelid heavy-chain
antibodies.*® Our recombinant oligomers form spontaneously
during the expression and purification of the 2N4R isoform of
human tau in E. coli. We separated oligomeric tau from mono-
meric tau using SEC (ESI Fig. 11) and characterized their sizes
using dynamic light scattering (DLS; ESI Fig. 27). Additionally,
we characterized our tau proteins via dot blot (ESI Fig. 3a and
bt) and western blot (ESI Fig. 3c-ff). We verified the confor-
mation of our tau oligomers using a tau oligomer-specific
polyclonal antibody, T22, in these immunoblots (ESI Fig. 3b
and f}).*°

We performed MACS and FACS to select our nanobodies.
During MACS Round 2, two sets of screens were performed in
parallel. The first included a positive selection against tau oli-
gomers, and the second included a negative selection against
tau monomers and a positive selection against tau oligomers.

without negative sort against tau monomer

Naive Library MACS Round 1

MACS Round 2

FACS Round 1 FACS Round 2

V3L(98.22%)

V3R(1.78%)

V3L(93.67%)

V3R(6.33%)

V3L(63.86%)

50

Cell Count
Cell Count
Cell Count

Tau Oligomer Binding Tau Oligomer Binding

Tau Oligomer Binding

60

V3R(36.14%)

{vaL(39.59%)

V3R(60.41%)

V3L(32.01%)

V3R(67.99%)

Cell Count
Cell Count

Tau Oligomer Binding Tau Oligomer Binding

with negative sort against tau monomer

MACS Round 2

FACS Round 1 FACS Round 2

Cell Count

Tau Oligomer Binding

V3R(47.28%) V3L(23.64%) V3R(76.36%) V3L(28.61%) V3R(71.39%)

50

Cell Count
Cell Count

Tau Oligomer Binding Tau Oligomer Binding

Fig. 1 Selection of oligomer-specific nanobodies. Yeast cells from the naive nanobody library or after each MACS or FACS screen were labeled with
30 nM tau oligomers, and the extent of binding was assessed with flow cytometry. Fluorescence signal corresponding to tau oligomers binding to
yeast surface displayed nanobodies is shown on the x-axis. Binding to tau oligomers above the level of the nanobody library appears on the right

side of the vertical gate.
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Table 1 Sequences of CDR1, CDR2, and CDR3 of the ten selected nanobodies
Nanobody CDR1 CDR2 CDR3
1 (0T2.6) GRTFRYNAM ELVAAITVRTGSTYY AVDRDYLVRYSQLYREYGY
2 GITFRSYAM EFVAAITSGGASTYY AARRPYKPYDY
3 GRTFYRYTM ELVAAISFRAGRTYY AADQYLSADYDY
4 GSIFRANAM ELVAAITTGSRTYY ARRALYLPQRINYSDAMDY
5 GYTFGRNTM EFVAAITQSGGNTYY NARLRPPYGWKYGY
6 GFTFGGANVM ELVAAITYGGGSTYY AARSYRYWTQILYDY
7 GRTFTSYTM ELVAAITDRGGRTYY NTVWGYHGGDEVDH
8 GRTFVWNAM ELVAAITYRGASTYY NARKYVTLKYDY
9 GRTFGRNAM ELVAAITTGGSTNY AATRWRKWYYY
10 (OT2.4) GIISNNNAM EFVAAISTSGGSTYY NRRVVERYWRGYWYREDGY
a _Nanobody 1 (0T2.6) Nanobody 2 Nanobody 3 Nanobody 4 Nanobody 5
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Fig. 2 Single clone analysis of selected nanobodies. (a and b) Yeast cells expressing copies of one of the ten selected nanobodies are labeled with
(a) 10 nM tau oligomers or (b) 100 nM tau monomer, and the extent of binding was assessed with flow cytometry. Plots exhibit fluorescence signal
corresponding to tau binding on the y-axis and fluorescence signal corresponding to the expression level of the nanobodies on the x-axis.
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FACS screens after MACS Round 2 were conducted under iden-
tical conditions on the yeast from the MACS screen both
without and with the negative selection against tau monomers.
After each round of sorting, yeast cells were labeled with tau
oligomers (Fig. 1) and monomers (data not shown) to monitor
the enrichment of binding to tau oligomers and the level of
undesired binding to tau monomers. Over the course of the
screens, binding to tau oligomers was greatly enriched.

After FACS Round 2, 15 nanobodies from each of the four
FACS screens were selected and sequenced. From the 60 nano-
bodies sequenced, ten unique tau oligomer-binding nanobo-
dies were identified (Table 1, and ESI Table 2%). Yeast cells
expressing these nanobodies were labeled with a range of con-
centrations of tau oligomers (1 nM-10 nM) and of tau mono-
mers (10 nM-1000 nM) and the extent of binding was assessed
with flow cytometry (Fig. 2a and b). All ten nanobodies showed
binding to tau oligomers and much less binding to tau mono-
mers. Two of the nanobodies, OT2.4 and OT2.6, appeared to
be either stronger binders to tau oligomers or more specific
binders to tau oligomers relative to tau monomers compared
to the other selected nanobodies. These nanobodies were
chosen for further characterization.

Characterization of nanobodies confirms specificity to tau
oligomers

We designed, expressed, and purified bivalent versions of the
nanobodies OT2.4 and OT2.6 fused to a human IgG Fc (ESI
Fig. 41). These Fc fusion constructs were used to confirm and
further examine the specificity of the nanobodies to tau oligo-
mers over tau monomers and fibrils using western blots and
dot blots. Western blots with recombinant tau monomers and
tau oligomers show binding of bivalent OT2.4-Fc and bivalent
OT2.6-Fc to the oligomers and not monomers (Fig. 3), verifying
the specificity seen in flow cytometry experiments. Next, we
probed the binding of bivalent OT2.4-Fc, bivalent OT2.6-Fc,
and bivalent MT3.1-Fc to serial dilutions of tau monomers, oli-
gomers, and fibrils on dot blots (Fig. 4). MT3.1 is a pan-tau
nanobody developed by our laboratory that binds to tau mono-
mers, oligomers, and fibrils.?® These dot blots showed high
levels of specificity for bivalent OT2.4-Fc and bivalent OT2.6-Fc
to tau oligomers over both monomers and fibrils. In contrast,
bivalent MT3.1-Fc preferentially binds tau fibrils, and to some
extent, tau monomers, over tau oligomers. Bivalent OT2.4-Fc,
in particular, was extremely selective towards tau oligomers
relative to monomers and fibrils.

Since tau oligomers are known to be highly hetero-
geneous, we confirmed binding of bivalent OT2.4-Fc and bi-
valent OT2.6-Fc to tau oligomers from different sources.
These tau oligomer samples were created in two different lab-
oratories with different preparation methods. Both nanobo-
dies bound to all three tau oligomer samples. Bivalent OT2.4-
Fc bound with ECs¢s of 27 nM, 19 nM, and 160 nM to oligo-
mer preparations 1, 2, and 3, respectively (ESI Fig. 5%).
Bivalent OT2.6-Fc bound with EC5,s of 1.0, 0.53, and 240 nM
to oligomer preparations 1, 2, and 3, respectively (ESI
Fig. 51). Through bis-ANS fluorescence spectroscopy, we also
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Fig. 3 Western blotting with OT2.4 and OT2.6. (a and b) Specific
binding of (a) bivalent OT2.4-Fc and (b) bivalent OT2.6-Fc was evaluated
with western blots containing recombinant tau monomers (M) and
recombinant tau oligomers (O). Ponceau S staining of these membranes
is shown in ESI Fig. 8a and b, respectively, and unprocessed images of
these membranes are shown in ESI Fig. 9a and b, respectively.

showed that OT2.4 and OT2.6 inhibited the oligomer-seeded
aggregation of tau monomers in a dose-dependent manner
(ESI Fig. 67).

Epitope mapping reveals that nanobodies interact with tau
oligomers via multiple non-overlapping epitopes

To determine the epitopes at which OT2.4 and OT2.6 bind to
tau, we performed epitope mapping. To conduct this
mapping, we used a membrane containing 15-mer peptides
spanning the full length of the 2N4R tau isoform with 11
amino acid overlaps. Incubation of the membrane with bi-
valent OT2.4-Fc and bivalent OT2.6-Fc revealed that both nano-
bodies bind to multiple discontinuous epitopes on tau (Fig. 5).
OT2.4 bound to peptides containing residues 133-147,
177-195, 343-367, and 413-427 (Fig. 5a and c). These four epi-
topes lie within the projection domain, proline-rich domain,
R4 repeat of the repeat domain and microtubule binding
domain, and C-terminal end of tau, respectively. The epitope
containing residues 343-367 is buried within the fibril core of
tau when it assembles into tau fibrils, while the other three
epitopes are within the disordered fuzzy coat of the fibrils.**
OT2.6 bound to peptides containing residues 121-139,
149-163, 209-223, and 373-391 (Fig. 5b and c). The first of
these epitopes is within the projection domain, the second
and third are within the proline-rich domain, and the fourth is
within the R’ repeat in the microtubule binding domain. The
first three epitopes lie in the fuzzy coat of a tau fibril while the
last epitope is partially within the fibril core.** The third OT2.6
epitope, residues 209-223, overlap with the binding epitope of
the conformational tau oligomer-specific antibody TOC1
(209-224).>>** All of the binding epitopes of both nanobodies
are present in all six isoforms of tau.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Analysis of OT2.4 and OT2.6 specificity towards tau oligomers. (a) Dot blots containing serial dilutions of tau monomers, tau oligomers, and
tau fibrils were probed with bivalent OT2.4-Fc, bivalent OT2.6-Fc, and bivalent MT3.1-Fc. Shown are representative images from six repeats from
two independent assays. Unprocessed images of these membranes are shown in ESI Fig. 10 a, ¢, and e.T Images of membranes from a second inde-
pendent repeat are shown in ESI Fig. 10 b, d, and f.1 (b) Binding of bivalent OT2.4-Fc, bivalent OT2.6-Fc, and bivalent MT3.1-Fc to tau monomers
(blue), tau oligomers (green), and tau fibrils (orange) on dot blots was quantified and plotted. Data points are averages from six repeats from two
independent assays and error bars indicate standard deviation. ****P < 0.0001, ***P < 0.001, **P < 0.01, ns: not significant, determined by Brown-
Forsythe and Welch ANOVA tests.
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Fig. 5 Binding epitope analysis of OT2.4 and OT2.6. (a and b) Epitope mapping was performed with a membrane containing 108 15-mer peptides
scanning the full length of the 2N4R tau isoform. Peptides overlapped by 11 amino acids. Binding of (a) bivalent OT2.4-Fc and (b) bivalent OT2.6-Fc

to peptides on the membrane was assessed with immunoblotting. (c) Schematic representation of 2N4R tau with binding epitopes of OT2.4 (orange)
and OT2.6 (blue) indicated.
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Discontinuous, or conformational, epitopes are epitopes
that contain multiple groups of residues essential to antibody
binding that are separated in the antigen’s primary sequence
but brought together in spatial proximity when the antigen is
properly folded.*® Based on our immunoblot specificity ana-
lysis and the location of these epitopes, we believe that they
are only accessible and properly folded in oligomeric tau, not
monomeric or fibrillar tau. From these results, we conclude
that OT2.4 and OT2.6 are conformational, tau oligomer-
specific nanobodies.

OT2.4 and OT2.6 recognize tau oligomers from human
Alzheimer’s disease and healthy older adult brain tissues

Next, we investigated the ability of OT2.4 and OT2.6 to recog-
nize tau oligomers present in brain lysate samples from AD
patients and healthy older adults. Tau oligomers are found in
the brains of humans with AD and can be detected at early
stages of the disease.'**>*” Additionally, tau oligomers are
present in the brain tissue and serum of older adults without
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neurodegenerative diseases and appear during the aging
process.*®*? Kolarova et al. reported that in healthy older
adults, tau oligomers are present in serum and tau oligomer
levels correlate with aging.*® In a study by Maeda et al., tau oli-
gomers were detected in the brains of older adults with Braak
stage I neuropathology, a stage before the onset of clinical
symptoms of AD and the presence of NFTs in the frontal
cortex.”® They found no significant difference between tau oli-
gomer levels in Braak I, II, and V stage frontal cortex
samples.*® They also observed tau oligomers at low levels in
Braak stage 0 samples, but these levels were significantly lower
than those in Braak I, II, and I samples.*’

We conducted western blots with brain samples from five
individuals with AD (ages 77 to 87, Braak stage VI) and from
five control individuals with primary age-related tauopathy
(PART) (ages 70 to >89, Braak stages I, II, or III) (ESI Table 37).
We detected tau oligomers with bivalent OT2.4-Fc (Fig. 6a) and
bivalent OT2.6-Fc (Fig. 6b) in all of the AD tissues and non-AD
(control) tissues. We note that the detection of tau oligomers

c AT8
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Fig. 6 Binding of OT2.4 and OT2.6 to tau oligomers from human brain samples. (a and b) Lysates of human brain tissue samples from five patients
with AD and five controls were run on western blots and binding with (a) bivalent OT2.4-Fc and (b) bivalent OT2.6-Fc was assessed. Ponceau S stain-
ing of these membranes is shown in ESI Fig. 8c and d, respectively, and unprocessed images of these membranes are shown in ESI Fig. 11a and d,f
respectively. (c and d) These membranes were also stained with phospho-tau antibody AT8. Unprocessed images of these membranes are shown in
ESI Fig. 11b and e, respectively. Unprocessed images of GAPDH staining are shown in ESI Fig. 11c and f.}
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in tissues of older adults without AD is expected and consist-
ent with the studies described above. Staining of these tissues
with phospho-tau antibody ATS (Fig. 6¢ and d) overlapped with
bivalent OT2.4-Fc and bivalent OT2.6-Fc staining at 150 kDa
and higher molecular weight bands. To confirm that the
bands stained by bivalent OT2.4-Fc and bivalent OT2.6-Fc are
tau oligomers, we probed binding with T22, an antibody that
has previously been shown to bind to tau oligomers present in
AD brain tissue,* and saw an overlap of staining at bands at
50 kDa and 150 kDa (ESI Fig. 7). These results indicate that
nanobodies OT2.4 and OT2.6 may be used to assess tau oligo-
mer levels in the brain for early AD diagnosis as increased
levels of tau oligomers may represent an early sign of neurode-
generation and can be used as a presymptomatic marker of AD.

Conclusions

There is a need for more effective disease-modifying treat-
ments, diagnostics, and research tools for tauopathies like AD.
Conformational antibodies that target tau oligomers, sus-
pected to be the most toxic form of tau present in AD, are
promising candidates for passive immunotherapy and diag-
nostic reagents. Nanobodies, in particular, are exciting options
for tau oligomer-specific binders as they can target concave or
hidden epitopes inaccessible to traditional IgG antibodies.
Therefore, a conformational tau oligomer-specific nanobody
may interact with tau oligomers differently from the few avail-
able tau oligomer-specific antibodies. Other benefits of nano-
bodies include their single-domain nature which makes them
inexpensive to produce in yeast or bacterial cells and easy to
link together in multivalent or Fc fusion formats. Nanobodies
are not likely to be cell permeable and will not be able to
target intracellular tau oligomers if they are unmodified, but
methods including conjugation to cell-penetrating peptides or
intracellular expression can be used to deliver them intracellu-
larly.>® Extracellular nanobodies can also target tau oligomers
that have escaped neurons to the extracellular space and
prevent the cell-to-cell spread of tau oligomers.

In this work, we report the development and characteriz-
ation of the first conformational, tau oligomer-specific nano-
bodies, OT2.4 and OT2.6. These nanobodies were identified
through the screening of a yeast surface display nanobody
library*® against recombinant tau oligomers. We have demon-
strated the specificity of these nanobodies towards tau oligo-
mers over monomers and fibrils with western blot and dot
blot analysis. With epitope mapping, we have confirmed that
OT2.4 and OT2.6 bind to discontinuous epitopes on tau,
making them conformational binders. Finally, we have shown
that OT2.4 and OT2.6 recognize tau oligomers of different
sizes present in the brains of AD patients and healthy older
adults with primary age-related tauopathy (PART).

Future work will be conducted to study if and how these
nanobodies interact with tau present in the brains of younger,
healthy adults and towards their development into viable
therapeutic or diagnostic tools for AD and other tauopathies.

This journal is © The Royal Society of Chemistry 2024
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Overall, this work demonstrates significant progress in devel-
oping conformational, amyloid oligomer-specific antibodies
and antibody fragments that have great potential in the diag-
nosis and treatment of neurodegenerative diseases.
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