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Abstract

Introduction: Tau, a natively unfolded soluble protein, forms abnormal oligomers and

insoluble filaments in several neurodegenerative diseases, including Alzheimer dis-

ease (AD). Tau-induced toxicity is mainly due to oligomers rather than monomers or

fibrils.

Methods: We have developed monoclonal antibodies against purified low-n tau

oligomers of the tau repeat domain as a tool to neutralize tau aggregation and toxic-

ity. In vitro aggregation inhibition was tested by thioflavin S, dynamic light scattering

(DLS), and atomic force microscopy (AFM). Using a split-luciferase complementation

assay and fluorescence-activated cell sorting (FACS), the inhibition of aggregation was

analyzed in an N2a cell model of tauopathy.

Results:Antibodies inhibited tau aggregation in vitro up to ~90% by blocking tau at an

oligomeric state. Some antibodies were able to block tau dimerization/oligomerization

in cells, as measured by a split-luciferase complementation assay. Antibodies applied

extracellularly were internalized and led to sequestration of tau into lysosomes for

degradation.

Discussion: Novel low-n tau oligomer specific monoclonal antibody inhibits Tau

oligomerization in cells and promotes toxic tau clearance.
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1 INTRODUCTION

Tau, a neuronal microtubule-associated protein, aggregates to form

insoluble, fibrillary deposits in a wide range of neurodegenerative

diseases called tauopathies.1 Alzheimer disease (AD) is characterized

by the presence of extracellular plaques composed of amyloid beta

(Aβ) and intracellular tangles of tau. Several therapies have been tried
to target Aβ pathology,2,3 but so far, they have failed to show signif-
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icant benefits in clinical trials.4,5 Therefore, therapies targeting tau

pathology have gained importance, especially as cognitive decline in

AD correlates better with tau pathology thanwith amyloid burden.6,7

Mutations in the tau gene are sufficient to trigger

neurodegeneration.8 Tau undergoes multiple post-translational

modifications such as phosphorylation, acetylation, cleavage, gly-

cation, etc.9 Although post-translational modifications may con-

tribute to tau aggregation, the mechanisms involved in tau-induced
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neurodegeneration are still poorly understood. Various studies of

transgenic mice suggest a correlation between intracellular tau aggre-

gation and neuronal dysfunction.10–12 More specifically, tau-induced

toxicity ismainly due to tauoligomers rather thanmonomersor fibrillar

aggregates.13–15 Tau oligomers can induce toxicity by operating both

on intracellular (cytosolic) and the extracellular (released) level. Extra-

cellular taumaycause synaptic damageandalso act as seeds for further

aggregation in recipient neurons.16,15 Attempts to scavenge the extra-

cellular tau (with antibodies) may intercept the cell-to-cell transmis-

sion of tau.17–19 On the other hand, this would not address the pool of

cytosolic toxic tau. Thus it may bemore appropriate to target the intra-

cellular pathological tau oligomers to ameliorate tau pathology.20,21

Several treatments based on small molecules aiming at reducing

tau aggregation appeared to be promising in animal models22–24 but

failed in clinical trials.25–27 As a result, tau-based immunotherapies

gained importance. Both passive and active immunization studies on

tau are in progress. For example, passive immunization studies with

anti-monomeric tau antibodies injected into tau transgenic animals

showed a decrease in hyperphosphorylated tau and reversal of behav-

ior deficits.17 Anti-phospho tau antibodies 4E6 and 77E9 injected in

3XTg AD mice showed reduced levels of hyperphosphorylated tau

and amyloid plaques with improved cognitive performance.28,29 Trans-

genic mice treated with tau oligomer monoclonal antibodies (raised

against Aβ-cross-seeded tau oligomers) resulted in lower cognitive

and behavioral deficits.30–32 Furthermore, active immunization stud-

ies with the vaccine AADvac1 (based on a peptide from the tau

repeat domain) and phospho-tau peptides in transgenic mice showed

reduced tau oligomerization, phosphorylation, and improved sensori-

motor functions.19,33

The majority of these antibodies are directed against the tau

monomers or phospho-tau monomers. However, these might not be

an ideal target as the toxicity is associated with the soluble oligomers

of tau.15 Therefore, we raised antibodies against highly purified low-

n oligomers of tau, which detected primarily assembled forms of tau.

Some antibodies detected specifically low-n (atomic force microscopy

[AFM] height 2 to 3 nm) or high-n (AFM height >10 nm) oligomers.

We found that two oligomer-specific antibodies inhibited the aggrega-

tion of tau by >90% in vitro. Further testing in a tauopathy cell model

confirmed that such antibodies could enter cells and recruit the toxic

oligomeric tau to lysosomes for degradation.

2 METHODS

2.1 Cell models

N2a wild type and inducible cell line (N2a-TauRDΔK)34 were grown in

minimal essential media (Sigma, Darmstadt, Germany) supplemented

with 10% fetal bovine serum (FBS), 5 mL non-essential amino acids

(PAA, Pasching, Austria), and 1X penicillin and streptomycin antibiotic.

The inducibleN2a cell lines expressing tau require antibiotics geneticin

(G418) (300 µg/mL) and hygromycin (100 µg/mL). The TauRDΔK protein

expression was induced by incubating cells with 1 µg/mL doxycycline.

RESEARCH INCONTEXT

1. Systematic review: Low-n tau oligomers represent the

most synaptotoxic form of tau. Such tau oligomers are in

dynamic equilibrium with monomers and polymers and

short lived, so that few treatment strategies have been

developed so far.

2. Interpretation: Using well characterized purified low-n

oligomersof tau,wedeveloped several specific antibodies

inhibiting aggregation of tau up to 90% in vitro. Antibod-

ies are internalized into cells, inhibit the oligomerization

of tau, and recruit tau to lysosomes for degradation.

3. Future direction: Preclinical studies on animals will be

used to investigate the therapeutic potential of antibod-

ies. Antibodies may be developed as diagnostic tools for

tau-dependent toxicity.

HIGHLIGHTS

∙ Development of antibodies specific for toxic low-n

oligomers of tau are targeted.

∙ Low-n tau oligomer specific antibodies can inhibit tau

aggregation in vitro.

∙ Antibodies can inhibit oligomerization of tau in cells.

∙ Antibodies recruit tau to lysosomes for clearance.

Minimal essential media (MEM) with complete serum deprivation

(no FBS) for 72 hours were used to differentiate N2a cells in to

neurons.

2.2 Antibodies

Monoclonal antibodies were generated against the purified oligomers

of the mutant tau repeat domain with the deletion of lysine 280

(TauRDΔK). TauRDΔK oligomers were prepared and purified as described

previously, making use of hydrophobic interaction chromatography.35

Briefly, 50 µM recombinant TauRDΔK (Mr∼13.5 kDa) was diluted in tris

buffered saline (TBS) pH 9.0 and incubated at 37◦C for 30 minutes

for aggregation. The aggregated sample was lightly cross-linked

using 0.01% glutaraldehyde (GA) for 10 minutes at 37◦C to stabilize

the oligomers. The cross-linked sample was purified using a HiPrep

Butyl FF 16/10 hydrophobic column. These purified oligomers of

TauRDΔK were used as an antigen for generating the monoclonal anti-

bodies. C57BL/6 mice and Lou/C rats were injected subcutaneously

and intraperitoneally with a mixture of 60 µg purified oligomers,

5 nmol CpG (Tib Molbiol, Berlin, Germany) and an equal volume of

incomplete Freund’s adjuvant. Six weeks later a booster injection
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was performed without Freund’s adjuvant. Three days later, spleen

cells were fused with P3 × 63Ag8.653 myeloma cells using standard

procedures. Hybridoma supernatants were screened in a solid-phase

enzyme-linked immunosorbent assay (ELISA) for binding to TauRDΔK

oligomers and monomers. Positive supernatants were further assayed

for their potential in capture ELISA, immunoblot, and dot blot analysis.

Hybridoma cells from selected supernatants were subcloned at least

twice by limiting dilution to obtain stable monoclonal cell lines. Exper-

iments in this work were performed with antibody TAU clone 6B5

(mouse IgG2b), 8E7 (mouse IgG2b), 2H9 (mouse IgG2b), 29E2 (mouse

IgG2a), 26G1 (mouse IgG2a), 28D4 (mouse IgG2b), 32E7 (mouse

IgG2b), 2G9 (rat IgG1), 11D10 (rat IgG2c), 2B10 (rat IgG1) and 6H1

(rat IgG2c), 6H3 (rat IgG2a). In house generated Anti-FLAG 6F7 (rat

IgG1) was used as an immunoglobulin G (IgG) isotype control.

Commercial antibodies used in the current study include K9JA

(DAKO #A0024), anti-rabbit AMCA (Dianova #711-155-152), anti-rat

CF488 (VWR#20027), anti-rabbit Alexa 555 (abcam #ab150066).

2.3 Dot blot

Activated Immobilon-P membrane (Millipore) was loaded with 50 ng

of different tau constructs (dissolved in phosphate buffered saline

[PBS] buffer) and imbibed on themembrane using a vacuum pump. The

membrane was washed thrice with PBS buffer. Then the membrane

was blocked in 5% fat dry milk powder in1X TBST (containing 0.01%

Tween 20) for 1 hour at room temperature on an orbital shaker.

Later the membrane was incubated with primary antibody (in 1X

TBST) at 4◦C overnight followed by horseradish peroxidase (HRP)

labeled secondary antibody (1X TBST) incubation at 37◦C for 1 hour.

The membrane was developed using enhanced chemiluminescent

(ECL) reagent, and images were acquired using a LAS ImageQuant

instrument (GEHealthcare).

2.4 Immunolabeling of antibody

Fluorophore labeling of the antibodies was done by

maleimide coupling method (SH). Antibodies were reduced by

tris(2carboxyethyl)phosphine (TCEP), which splits the molecule at

the hinge region but the heavy and light chain remains intact. The SH

groups of the reduced antibodies react with a maleimide-activated

fluorophore (A647) forming a stable bond. For labeling, the mono-

clonal antibody sample was concentrated using 3000 MWCO Amicon

filters (Millipore) in a centrifuge (Eppendorf 5810R, Rotor A-4-62) at

2770 rpm, 4◦C to achieve final concentrations of 50 to 100 µM. 10X

excess molar concentrations of TCEP (Molecular Probes #T2556) to

antibody was added and incubated on ice for 30 minutes, after which

11.85X excess molar concentrations of Alexa 647 dye (ThermoFisher,

Waltham, MA, USA) was dissolved in dimethyl sulfoxide (DMSO),

added and incubated on ice for 30 minutes. A NAP-5 column (GE

Healthcare, Chicago, IL, USA) was equilibrated with 10 mL PBS, and

∼500 µL of the antibody mixture was transferred on the column

bed and eluted with 1 mL PBS buffer. Protein yield (280 nm), dye

concentration (650 nm), and labeling efficiencywere determined using

a NanoDrop spectrophotometer (Peqlab ND-1000). The degree of

labeling (DOL) was calculated using the following equation.

DOL =
A (dye) XЄ (protein)

A280 protein − (Adye X CF 280) XЄ dye

Є IgG protein−203000; Є A647 dye −265000; CF280 (A647)–0.03,

whereЄ= extinction coefficient.

DOL of antibody 2B10 = 5.4 (5.4 moles dye per mole of IgG),

DOL of control antibody = 8.5 (8.5 moles dye per mole of IgG).

The quality of the protein was checked using 10% sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by

Coomassie staining (Brilliant blue) and western blot. The antibody was

intact after the labeling and a slight shift in the labeled antibody con-

firmed the degree of labelling (Figure S8 in supporting information).

2.5 Thioflavin S (ThS) assay

10 µM of tau monomer in buffer BES pH 7.0 with or without 2.5 µM

heparin (MW16,000), with orwithout different concentrations of anti-

body in the presence of 40 µM of ThS was prepared for a maximum

of 40 µL and loaded in 384-well plates (black microtiter 384-plate

round well, Thermo LabSystems, Dreieich, Germany), and measure-

ments were carried out using Magellan software in a TECAN spec-

trofluorimeter (Ascent, Lab Systems, Frankfurt, Germany). Kinetics

was carried out at 37◦C for 24 hours with measurement intervals of

15 minutes using an excitation wavelength of 440 nm, an emission

wavelength of 521 nm, with spectral bandwidths of 2.5 nm for excita-

tion and emission. Samples were prepared in duplicates or triplicates,

and after the measurements, the background fluorescence from ThS

alone was subtracted.

2.6 Dynamic light scattering (DLS)

20 µL of the aggregated sample (with or without antibody) was placed

in a quartz batch cuvette (ZEN2112) and thermally equilibrated

at 25◦C for 2 minutes in a Zetasizer Nano S (Malvern, Herrenberg,

Germany) instrument fittedwith 5-milliwatt helium-neon 633nm laser

at 173◦ measurement angle. The scattering intensity of the particles,

their size, and numbers was obtained as an average of three measure-

ments with 20 runs each. The results are expressed as a volume graph.

2.7 Atomic force microscopy (AFM)

AFM sample preparation and imaging was performed as described

earlier.36 In brief,mica discs pastedon a glass slidewere freshly cleaved

using a sticky tape. On this freshly cleaved mica, 1 to 2 µM of pro-

tein sample diluted in adsorption buffer (PBS, pH 7.4) was incubated

for 10 minutes followed by washing with PBS, pH 7.4 (3 to 5 times) to

remove loosely bound protein on the surface.
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AFM imaging was done in oscillation mode for all tau samples in liq-

uid using anMSNL10 cantilever. The oscillation of frequency and drive

amplitude for oscillation mode imaging was chosen using the in-built

auto-tuning procedure. The images were acquired at a scan rate of

1 Hz with a resolution of 512 by 512 pixels. During the scanning, the

gains and amplitude set points were altered manually, often to keep

a minimal force between the cantilever and the sample. The images

were acquired using the JPK Nano Wizard ultra-speed AFM micro-

scope facility at CAESAR. The acquired images were processed by the

JPK data processing software.

2.8 Bio-layer interferometry (BLI)

Kinetics assays were performed by capturing the monoclonal antibod-

ies using anti-mouse IgG Fc capture (AMC) biosensors in a label-free

kinetic assay BLItz System (FortéBio, Fremont, CA, USA) followed

by buffer baseline for 30 seconds. Monoclonal antibody captured

sensors were submerged in a sample with different tau constructs

for 5 minutes, followed by dissociation. The binding sensograms

were obtained, and the binding parameters (on and off rates ka, kd,

dissociation constant KD)were calculated by local fitting (1:1 Langmuir

interactionmodel) by BLItz Pro software.

2.9 Transfection (DNA) for luciferase
complementation assay

Luciferase complementation fragments were generated using plas-

mid pCBG99 (click beetle green).37 The amino acid sequence of

the luciferase complementation fragments 2-413 for N-terminus

(Luc-N), and 395-542 for C-terminus (Luc-C) were amplified by

polymerase chain reaction (PCR). The PCR fragments were cloned

into the pTauRDΔK-EGFPN1 (enhanced green fluorescent protein)

vector by replacing the green fluorescent protein with Luc-N or Luc-C.

N2a wild-type cells were plated in a T25 flask to achieve uniform

transfection efficiency. TauRDΔK-Luc-N (3.24 µg) and TauRDΔK-Luc-C

(2.7 µg) plasmids were mixed in reduced-serum opti-MEM medium

(1150 µL). Lipofectamine2000 (25 µL) (Invitrogen, Carlsbad, CA, USA)

was also diluted in opti-MEM medium (1150 µL). Both the DNA and

lipofectamine were mixed and incubated at RT for 5 minutes. The cells

were washed with warm PBS, and the reaction mixture was added to

the cells and incubated for 2 hours at 37◦C in 5% CO2 incubator. After

2 hours, 4 mL of complete medium was added and further incubated

for another 2 hours. Later the cells were trypsinized, and all the cells

were plated on a 96-well plate equally in all wells. After 15 hours of

expression in N2a cells, 5 µg/mL of D-luciferin was added and incu-

bated for 10 to 20minutes before the measurement. Bioluminescence

images were acquired using an IVIS imager (PerkinElmer, Waltham,

MA, USA) according to themanufacturer’s protocol.

2.10 Antibody transfection into cells

Xfect protein transfection reagent kit (Clontech, Mountain View, CA,

USA) was used to deliver the protein of interest into the cells. N2a

cells were plated in 6-well plate with a density of 3 × 105 cells per

well. After 24 hours, 15 µL of Xfect transfection reagent was mixed

with 85 µL of deionized water. In another tube, the protein of interest

(antibody- 100 µg/mL [≈666 nM]) and Xfect transfection buffer was

made to the final volume of 100 µL. Both reaction mixtures were

pooled, and the solution was pipetted. Afterward, the solution was

incubated at RT for 30minutes; 400 µL of serum-freemediawas added

to the mixture, and the whole content of 600 µL was added to the cells

and incubated for 2 hours at 37◦C in a CO2 incubator. After 2 hours,

1.4 mL of complete media was added on the cells and incubated for

15 hours.

2.11 Flow cytometry

2.11.1 Annexin V staining

InducibleN2a cells expressing TauRDΔK were treatedwith desired anti-

bodies and grown for 4 days. Cells were trypsinized and centrifuged,

the supernatant was removed, and the cell pellet was suspended in

100 µL of 1X Annexin binding buffer and 5 µL of Annexin V dye was

added and incubated in the dark for 30 minutes at room tempera-

ture (RT). Cells were washed in 1X binding buffer and collected in PBS

buffer. Cell counting was performed in Gallios Beckman-Coulter Flow

Cytometer. Twenty thousand cells per sample were counted to check

Annexin V positive cells.

2.11.2 Thioflavin S staining of N2a cells

InducibleN2a cells expressing TauRDΔK were treatedwith desired anti-

bodies and 0.0005% of ThS dye and grown for 4 days at 37◦C in a CO2

incubator. Cells were trypsinized and centrifuged, the supernatantwas

removed, and the cell pellet was resuspended in PBS buffer. Twenty

thousand cells per sample were counted to check for ThS positive cells

using the Gallios Beckman-Coulter FlowCytometer.

2.11.3 Settings

Blue laser (488 nm) was used to excite ThS (excitation-440 nm; emis-

sion 521 nm), and red laser (683 nm) was used to excite Annexin V

(excitation-633nm; emission 665nm)with a flow-rate of 30µL/minute.

Counting was carried out at RT.
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2.12 Reactive oxygen species (ROS)
measurements

Toxic tau oligomers can induce the production of superoxides and

peroxy radicals in cells which can be measured with fluorescent

dye DCF. N2a-wt cells were plated in 96-well plates with density

25000 cells/well. At 70 to 80% confluence, the cells were washed

once with warm PBS and then incubated with 20 µM of 2t’, 7t’-

dichlorodihydrofluorescein diacetate (Abcam #ab113851) diluted in

1X dilution buffer for 30 minutes at 37◦C. After 30 minutes the cells

were washed once with 1X PBS. After washing, the cells were incu-

bated with desired concentrations of different samples (oligomers ±

treated with antibodies or controls) for 30 minutes. The fluorescence

intensity wasmeasured using a TECAN spectrofluorometer (excitation

at 485 nm and emission at 535 nm).

2.13 Calcium measurements

25000 cells/well of N2a-wt cells were plated in a 96-well format cell

culture plates. At 70% to 80% confluence, the cells were washed with

warm PBS once and then incubated with 100 µL of Fluo 4-AMNWdye

(Molecular Probes #F36206) loading solution for 30 minutes at 37◦C.

After 30 minutes the cells were washed once with 1X Hanks’ balanced

salt solution. After washing, the cells were incubated in different sam-

ples (oligomers ± treated with antibodies or controls) for 30 minutes.

The fluorescence intensity was measured using a TECAN spectrofluo-

rometer (excitation at 494 nm and emission at 516 nm).

2.14 Staining of lysosomes

N2a cells were grown to maximum confluence. Different concentra-

tions of antibodies were incubated extracellularly for 24 hours. After

22 hours, 75 nM Lysotracker red DND 99 (L7528, Molecular Probes,

Eugene, OR, USA) dye dissolved in fresh complete warm medium

was added to the cells and incubated for 2 hours at 37◦C in 5% CO2

incubator. After 2 hours the medium was removed, and the cells were

fixed using 4% sucrose and 3.7% formaldehyde in PBS for 30 minutes

at 37◦C, and then cells were washed thrice with PBS buffer at RT.

If required, co-staining of other antibodies can be performed using

immunocytochemistry protocol.

2.15 Immunocytochemistry

N2a cells were treated with antibodies at different concentrations for

24 hours. Afterward, the cells were fixed in solution with 4% sucrose

and3.7% formaldehyde inPBS for30minutes at 37◦Cand thenwashed

thrice with PBS buffer. Cells were permeabilized and blocked using 5%

BSA and 0.5%TritonX-100 in PBS for 6minutes at RT and thenwashed

thrice with PBS buffer. Primary antibody was diluted in blocking

solution and incubated on cells at 4◦C overnight on a shaker. Unbound

or loosely bound antibodies were washed off thrice using PBS. The

secondary antibody was diluted in blocking solution and incubated on

cells for 1 hour at 37◦C. Cells were washed thrice with PBS. 10 µg/mL

of 4t’, 6-diamidino-2-phenylindole (DAPI) in PBS buffer was incubated

for 10 minutes at RT, followed by washing with PBS. Finally, cells

were mounted on a glass slide using a poly mount solution and dried

at 4◦C.

2.16 Immunohistochemistry (IHC)

Animals were sacrificed by cervical dislocation, and the whole brain

was removed. Half of the brain (hemisphere) was fixed using 3.7%

formaldehyde in PBS for 24 hours at 4◦C, followed by sucrose gra-

dient (10%, 20%, and 30%) fixation for 24 hours in each gradient at

4◦C. The brain was sliced (free-floating sections) into 50 µm equal sec-

tions from top to bottom using a vibratome (Leica VT 1200S, Wetzlar,

Germany), and the sections were collected and stored in PBS. Anti-

gen epitope retrieval was carried out by adding 10 mM sodium cit-

rate buffer (hot [80◦C]) to the sections and incubating the sections

for 30 minutes at 80◦C. Sections were washed with PBS (three times,

10 minutes each). For permeabilization, sections were incubated in

0.1% Triton-X 100 for 1 hour at RT on an orbital shaker. Sections were

washed with PBS (three times, 10 minutes each). Sections were incu-

bated in a blocking solution (0.3% Triton-X 100, 2% horse serum in

PBS) for 2 hours at RT on a shaker. Primary antibody was diluted in

blocking solution and incubated at 4◦C overnight on a shaker. Sections

were washed with 0.1% Triton-X100 in PBS (three times, 10 minutes

each) on a shaker. The secondary antibodywas diluted in blocking solu-

tion and incubated on sections for 2 hours at 37◦C (shaker). Sections

were washed with 0.1% Triton-X100 in PBS (three times, 10 minutes

each) on a shaker. 10 µg/mL of DAPI in PBS buffer was incubated for

10 minutes at RT followed by washing with PBS. Finally, sections were

mounted using the poly-mount solution, and the coverslips were dried

at 4◦C.

2.17 Confocal microscopy

Image acquisition of cells and tissue sections was carried out using a

Zeiss LSM 700 confocal microscope. Images were captured at 20X,

40X, and60Xmagnification. Imagequantificationwas carried out using

the software Zen blue edition (2012, Zeiss). For image acquisition, gain

values of positive control were considered a reference to minimize the

overexposure of the samples.

2.18 Statistics

All experimental data were normalized with respective controls. The

statisticsweredoneusingGraphPad (Prism) software. The significance

of differences was analyzed by one-way analysis of variance test with

Tukey’s post hoc test. In all the experiments, the confidence interval
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was set at 95%. Hence a p value <0.05 was considered to be statisti-

cally significant.

3 RESULTS

3.1 Specificity and affinity analysis of anti-tau
low-n oligomeric antibodies

Monoclonal antibodies raised against tau oligomers were extensively

characterized in in vitro and in cellular models to select potential can-

didates for in vivo studies. Various biochemical methods like dot blot,

western blot, immunocytochemistry (IC), and immunohistochemistry

(IHC) were used to test the specificity of antibodies. To determine the

specificity of the monoclonal antibodies, different mutants of tau and

different preparations of tau were used (monomers, oligomers, and

aggregates, etc., Figure 1A). Polyclonal pan-tau antibody K9JA (detect-

ing all constructs and assembly forms of tau) was used as an internal

control to demonstrate that the protein was loaded in all lanes (Fig-

ure 1, row1a–j). Differentmonoclonal antibodies showed varied affini-

ties to different constructs of tau (Figure S1 in supporting information).

Antibody 2B10 bound selectively only for TauRDΔK purified oligomers

(containing 1% monomers, 99% low-n oligomers; Figure 1A, row 2c,

green box). Antibody 6H1 mainly bound to crude oligomers (contain-

ing 35% monomers, 63% low-n oligomers, 2% high-n oligomers) and

high molecular weight aggregates of TauRDΔK (Figure 1A, row 3b, and

3d, pink box), but did not detect purified low-n tau oligomers. The anti-

bodies yielded different results when tested under denaturing condi-

tions in western blots; in this case, antibodies 2B10 and 6H1 detected

all forms of tau in western blots with broad specificity (data not

shown).

Fixed N2a-wt cells and N2a cells expressing TauRDΔK were probed

with primary antibodies 2B10 and 6H1. Antibody K9JA (recognizing

the repeats+C-terminal tail)wasusedas a total anti-tau antibody.Anti-

bodies 2B10 and 6H1 detected human tauwith high specificity in N2a-

TauRDΔK cells after induction of tau (Figure 1B, images 4, 7). Positive

control antibody K9JA detected tau strongly in N2a-TauRDΔK cells (Fig-

ure 1B, images 5, 8), co-localizing with antibodies 2B10 and 6H1 (yel-

low; Figure 1B, images 6, 9) and thus confirming the specificity of 2B10

and 6H1 for human tau in cell models. All antibodies showed little or no

background fluorescence in N2a-wt cells lacking human tau and con-

taining only low amounts of mouse tau (Figure 1B, images 1, 2, 3). Fig-

ure 1C shows the binding of 2B10 antibody to fixed free-floating brain

slices of control and TauRDΔK mice. Antibody 2B10detected human tau

in these animals with high specificity in the soma and dendritic pro-

cesses of the CA1 and CA3 regions of the hippocampus (Figure 1C,

images 3, 4) without showing any affinity to mouse tau expressed in

control brains (Figure 1C, images 1, 2). The immunofluorescence data

suggest that antibody 2B10 specifically binds to human tau in cell and

animal models.

The binding affinities of the antibodies with different tau constructs

weredeterminedbybiolayer interferometry (BLItz; seeMethods). Sen-

sograms in Figure 2A showed an association of two antibodies (2B10,

6H1) with human tau (TauFL, TauRDΔK) andmouse tau (mTau). Antibody

2B10 showed a higher association rate constant (ka) for Tau
RDΔK com-

pared to TauFL and mouse tau, but similar dissociation rate constants

(kd; Figure 2B) to Tau
FL and mouse tau, which resulted in a high disso-

ciation constant (KD= 1.21 µM) for TauRDΔK (≈10 times higher than

TauFL and mouse tau. By contrast, antibody 6H1 showed nanomolar

(nM) range affinities to all three antigens with similar ka to human tau

and low ka for mouse tau. The kd value for TauRDΔK was higher com-

pared to the other two antigens (human tau and mouse tau). There-

fore, the affinity of the 6H1 toward TauRDΔK (KD = 19.19 nM) was

higher than to the other two antigens (TauFL–51.34 nM and mouse

tau–133.2 nM). We also performed affinity analysis for the antibodies

6B5 and 8E7, which showed strong affinities (KD = 4.92 nM, 0.59 nM,

respectively) to TauRDΔK (Figure S2 in supporting information). Of all

the tested antibodies, the2B10antibody showed theweakest affinities

(micromolar [µM] range). The other antibodies showed binding affini-

ties in the nM range to human andmouse tau.

3.2 Anti-tau oligomer antibodies block the
aggregation of tau in vitro

Several studies reported the close association of the neurofibril-

lary tangle (NFT) burden and the degree of cognitive impairment in

AD.38–40 As the process begins at least 20 years before any clini-

cal manifestations of AD, targeting tau aggregation offers a rational

approach to treatment and prevention.4 The use of monoclonal anti-

bodies is one such approach for inhibiting tau aggregation. We there-

fore tested the abilities of our antibodies to inhibit tau aggregation

using ThS assay. Equimolar concentrations of tau (aggregation prone

mutants TauRDΔK and TauFL-P301L) and antibody were deployed in an

aggregation inhibition assay. In the presence of heparin tau aggregated

and reached saturation in 3 hours for TauRDΔK (blue curves in Fig-

ure 3A) and 15 hours in TauFL-P301L (blue curve in Figure 3B) compared

to taumonomers in the absence of heparin (red curves in Figure 3A, B),

which did not show any increase in ThS fluorescence even after 24

hours. Antibodies 2B10 (green curve) and 6H1 (pink curve) inhibited

the formation of ThS positive aggregates of tau dramatically (~90%).

Quantification of the aggregation inhibition of TauFL-P301L

(tau:antibodies= 1:1 molar ratio) of 10 µM concentration showed that

the two antibodies 2B10 and 6H1 were able to inhibit the aggregation

of tau up to 90%, whereas antibodies 8E7, 26G1, 28D4, and 29E2

could inhibit aggregation up to >50% (Figure 3C). Antibodies 2H9,

6B5 inhibited aggregation poorly (<20%). This result confirms that

antibodies specific for oligomers can have inhibitory efficiencies that

do not correlate with their affinity constants (Figure 2B).

3.3 Antibodies reduce tau aggregation by
blocking the low-n oligomeric state

Fluorescence-based aggregation assays allow high throughput screen-

ing, whichmakes themwell suited for primary screens. In contrast, DLS
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F IGURE 1 Analysis of the specificity of
anti-tau oligomer antibodies. Anti-tau oligomer
monoclonal antibodies exhibit differential
abilities to bind to different tau species or
constructs. A, Representative dot blot images
show the affinity of antibodies to tau
monomers, oligomers, and fibrils. 50 ng/well of
protein was loaded on the polyvinylidene
difluoridemembrane, and 3 µg of antibody was
used to detect the protein. Row 1a–j: A
representative blot (pan-tau polyclonal
antibody K9JA) acts as a positive control that
detects all tau constructs and assembly forms.
By contrast, different monoclonal antibodies
have different specificities and affinities to
different constructs and assembly forms of tau.
Row 2: Antibody 2B10 shows high specificity
for the oligomer-enriched sample (containing
1%monomers, 99% low-n oligomers; blot 2c,
green box) whereas antibody 6H1 (row 3) show
high affinity to crude oligomers (containing
35%monomers, 63% low-n oligomers, 2%
high-n oligomers; blot 3b) and aggregates (blot
3d, pink box) of the repeat domain (RD) of tau
with theΔK280mutation. B,
Immunocytochemistry of monoclonal
antibodies detects tau with high specificity in
cell models. 2B10 (1:100) and 6H1 (1:100)
antibodies (green) detected tau in N2a cells
expressing TauRDΔK (image 4, 7) but with
minimal or no staining in N2a-wt cells (image 1;
no signal for either 2B10 [shown] or 6H1 [not
shown]; anti-rat CF488). Pan tau K9JA
antibody (1:1000; anti-rabbit Alexa 555) was
used as a total tau antibody (images 2, 5, 6)
co-localizing with anti-tau oligomer antibodies
(image 6, 9). C, Fluorescence imaging of
free-floating mouse brain sections probedwith
2B10 antibody (anti-rat CF488) showing tau
stainingmostly in the soma and some dendritic
processes of CA1 and CA3 neurons in the
transgenic mouse expressing TauRDΔK (image 3,
4) versus non-transgenic controls (image 1, 2).
2B10 antibody (1:100) does not show any
staining in the control brain (image 1, 2) owing
to its high specificity to TauRDΔK.
Abbreviations: Mono, monomer; Oligo,
cross-linked and purified oligomers; Oligo*, not
cross-linked and crude oligomers; Agg,
Aggregates; RD, repeat domain; FL, full length

and AFM approaches provide detailed insights regarding the quantity,

composition, and morphology of aggregation species.36 The size of the

tau species in the presence of antibodies after 24 hours of aggregation

was measured by DLS. Figure 4A shows the average of TauFL-P301L

aggregates (blue curve) as ~10 to 200 nm in diameter (diameter = 2x

hydrodynamic radius RH), whereas the monomer (black curve) shows

diameters of ~4 to 10 nm. Thus the size of aggregates was >20-fold

larger thanmonomers. This value reflects the presence of highmolecu-

larweight aggregates or fibrils in theTauFL-P301L +heparin sample (blue

curve). In the presence of antibody 2B10 (green curve) and 6H1 (red

curve), the averagediameterwas~10nmand20nm, respectively. Thus,

the average diameter values of antibody treated samples correspond

to the low-n and high-n oligomers of tau. From the above observation,

we conclude that antibody 2B10 binds to low-n oligomers (~2–3mers)

and prevents the tau aggregation after that. Antibody 6H1 binds to

both low-n and high-n oligomers and prevents further aggregation.
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F IGURE 2 Analysis of affinity of antibodies by biolayer interferometry (BLITz). BLItz shows the binding affinities of immobilizedmonoclonal
antibodies toward different constructs of recombinant human tau (full length or repeat domain) andmouse tau. A, Graphical BLItz sensogram (raw
data) shows the binding affinities of immobilized antibodies 2B10 (2677 nM) and 6H1 (866.7 nM) toward TauRDΔK (green), TauFL (red), andmTau
(black). The sensograms show ka and kd values of different tau construct toward antibodies. KD values are calculated from the obtained ka and kd
values. B, Table showing affinities (ka, kd, and KD) of antibodies to tau protein based on analyzed sensogram. Abbreviations; RD, repeat domain tau;
ka, association rate constant; kd, dissociation rate constant; KD, dissociation constant/binding affinity

We performed AFM analysis to reveal the morphology of the tau

in the presence and absence of the antibodies. Figure 4B shows the

height images of the tau. In the absence of antibodies, TauFL-P301L

formed lengthypairedhelical filaments,whichare visible inAFMheight

images,withheights in the rangeof 10 to18nm. In thepresenceof anti-

body 2B10, tau aggregation was limited to the level of low-n oligomers

with globular shapes and average heights of 2 to 3 nm (white arrow-

heads), corresponding to dimers-tetramers of tau. In the presence of

the antibody 6H1 tau was restricted to low-n oligomers and some big-

ger globular aggregates (>10 nm, white arrows heads) (Figure 4B).

In both cases, no filaments were observed. Antibodies 6B5 and 8E7

poorly inhibited aggregation of TauFL-P301L evident from AFM (Figure

S3 in supporting information). Taken together, we conclude that anti-

tau oligomer-specific monoclonal antibodies 2B10 and 6H1 are active

in inhibiting the aggregation of tau in vitro and halt the growth at the

oligomer state.

3.4 Interaction of oligomer-specific antibodies
with TauRDΔK in N2a cells

Inhibition of tau aggregation by antibodies is one of the primary tar-

gets in the field of tauopathies. Antibodies could be used to scavenge

extracellular tau to reduce transcellular spreading,16,17 or to neutral-

ize toxic forms of tau (eg, oligomers) inside cells. We, therefore, tested

the oligomer-specific antibodies in cell culturemodels.

N2a cells with inducible expression of TauRDΔK forms fibrous

aggregates,41 and the population of cells with aggregates can be mea-

sured by the dye ThS. ThS is cell permeable when added to the cell

culture medium, and its fluorescence can be recorded in live cells

using flow cytometry.34 The extracellular application of antibodies

(100 µg/mL, ~660 nM) did not inhibit the intracellular tau aggrega-

tion (data not shown). We also applied pre-incubated (24 hours at

37◦C) tau oligomer with or without antibody complex extracellularly
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F IGURE 3 Anti-tau oligomermonoclonal antibodies block tau aggregation in vitro. Monoclonal antibodies block the aggregation of tau into
thioflavin S (ThS) positive aggregates.10 µM of TauRDΔK or TauFL-P301L (1N4R) was incubated in the presence of heparin (2.5 µM) and 10 µMof
different monoclonal antibodies in BES pH 7.0. Aggregation wasmonitored for 24 hours at 37◦C by fluorescence of ThS (40 µM). A and B, TauRDΔK

and TauFL-P301L aggregate into ThS positive aggregates in the presence of heparin (blue curve; A and B). Antibodies 2B10 (green curve) 6H1 (pink
curve) block the aggregation of TauRDΔK and TauFL-P301L compared to their controls (blue curve). In the presence of antibodies, the ThS signal is at
baseline similar tomonomeric conditions. C, Quantification of the ability of antibodies to block the aggregation of TauFL-P301L (% aggregation
inhibition). Antibodies 2B10 and 6H1 (green) block tau aggregation by ~90%

to inhibit the tau oligomer induced ROS and Ca+2 elevation. Anti-

body 2B10 pre-incubated with TauRDΔK oligomers inhibited only the

oligomer induced intracellular calcium elevation and not the ROS pro-

duction (Figure S5 in supporting information). However, the effect was

minimal. Therefore, the antibodies had to be delivered into the cells to

combat tau aggregation, whichwas achieved using Xfect protein trans-

fection reagent. Cells treatedwith antibodies 2B10, 6H1, 6B5, and 8E7

at 100 µg/mL concentration did not show any significant differences in

the ThS+ cell population compared to the control (3.38%; Figure 5A).

This result indicates that the antibodieswere inefficient at blocking the

aggregation of tau in the cells.

N2a cells overexpressing TauRDΔK in the presence of doxycycline

showed enhanced cell death due to the expression and aggregation of

TauRDΔK, as seen by staining methods, eg, Annexin V assay. Therefore,

we tested whether the antibodies can reduce toxic effects induced

by TauRDΔK. Annexin V positive cells were quantified by fluorescence-

activated cell sorting after Xfect-mediated antibody treatment (96

hours in cells). However, none of the tested antibodies (2B10, 6H1,

6B5, and 8E7) showed any significant reductions in Annexin V posi-

tive N2a cells (Figure 5B). Thus, the intracellular delivery of anti-tau

oligomer antibodies had no significant effects on blocking tau aggrega-

tion or decreasing apoptotic signals caused by the pro-aggregant tau.
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F IGURE 4 Structure of tau assemblies in the presence of monoclonal antibodies. 10 µM of TauFL-P301L incubatedwith or without heparin (2.5
µM) or different antibodies (10 µM) in BES pH 7.0 for 24 hours at 37◦C. A, The size (measured by dynamic light scattering) of TauFL-P301L in the
presence of antibodies 2B10 (green) and 6H1 (pink) was in the range of low-n oligomers, ie,< 30 nm compared to that of the control (blue) in the
range of 10 to 200 nm. B, Height images of atomic forcemicroscopy reveal that antibody (2B10 or 6H1) treated TauFL-P301L wasmostly in the form
of oligomers (height ~2–3 nm) whereas aggregated paired helical filaments are in the height range of 10 to 18 nm. (Note that atomic force
microscopy height is a more precise measure of molecular size than the apparent extend in the x-y plane)

One reason for the inefficiency of these antibodies may be the large

excess of intracellular tau after induction (~95 µM), compared to the

antibodies (~660 nM) in N2a cells.

3.5 Antibodies inhibit tau dimerization in
tau-luciferase-fragment complementation assay

We further tested whether the antibodies can inhibit the initial stages

of tau aggregation, that is, dimerization or oligomerization. For this

purpose, we adopted the split-luciferase complementation assay.37

TauRDΔK was fused C-terminally with either N-terminal (Luc-N) or

C-terminal (Luc-C) fragments of click beetle green luciferase (Figure

S6A in supporting information). After 15 hours of co-transfection of

both tau constructs (TauRDΔK-Luc-N+TauRDΔK-Luc-C) inN2awildtype

cells, the dimerization of tau was observed by the bioluminescence of

luciferin (Figure S6B, well 1 and S6C bar 1), whereas either construct

alone did not generate a signal. This indicates that the interaction of

TauRDΔK moieties enforces the combination of Luc-N and Luc-C into a

functional bioluminescent unit (Figure S6B, wells 2, 3, and S6C bars 2,

3). To rule out the possibility of non-specific interactions (biolumines-

cence signal without tau), we co-transfected the N2a cells with Luc-N

and Luc-C constructs without tau, which failed to generate a biolumi-

nescence signal (Figure S6B, well 4 and S6C bar 4). These results con-

firm that the tau-split luciferase complementation assay is an ideal tool

to detect early steps in tau aggregation.

Monoclonal antibodies were further tested to explore their ability

to attenuate the tau aggregation process at the stage of dimerization.

N2a cellswere co-transfectedwith tau-luciferase constructs (TauRDΔK-

Luc-N+ TauRDΔK-Luc-C). After 5 to 8 hours of DNA-transfection, anti-

bodies were incubated for 15 hours in the extracellular medium (with-

out any transfection reagent) followed by imaging. Figure 6A shows

that treatment with antibodies caused significant differences in the

bioluminescence signal, which relates to changes in tau dimerization

in cells. 2B10 antibody (Figure 6A, well 2 and bar 2) decreased (~90%)

tau dimerization, compared to the controls (untreated andnon-specific

IgG control antibody; bars 1, 4, and wells 1, 4). By contrast, antibod-

ies 6H1 (Figure 6A, bar 3, well 3), 11D10, 2H9, 29E2, and 26G1 did

not show any significant difference compared to controls (Figure S7

in supporting information). Further testing of the antibody 2B10 with
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F IGURE 5 Intracellular delivery of antibodies has no effect onmarkers of aggregation (ThS) and apoptosis (Ann V) in N2a cells expressing
TauRDΔK. 100 µg/mL (~660 nM) of anti-tau oligomer antibodies were delivered into the cells (N2a-TauRDΔK) using Xfect reagent to combat the
aggregation of tau in cells (as judged by the decrease in ThS+ cells) and rescue the cells from apoptosis (by decreasing APC-Annexin V staining—a
pre-apoptotic marker). A, Forward scatter plot (reporting on cell volume, x-axis) versus “green” channel (ThS fluorescence, y-axis). Area II (Q2)
represents the ThS positive cell population. Doxycycline induced cells showed 3.38% ThS positive cells. Neither of the two antibodies reduces the
ThS positive cell population. B, Forward scatter plot (cell volume, x-axis) versus “red” channel (APCAnnexin V fluorescence, y-axis). Area II (Q6)
represents the Ann V positive cell population. Doxycycline induced cells showed 1.18%Ann V positive cells. Neither of the two antibodies rescues
the cells from pathological effects caused by TauRDΔK. Abbreviations: Ann V, Annexin V; ThS, Thioflavin S; Q2 or 6, Quadrant 2 or 6

concentrations ranging from 6.25 to 100 µg/mL (41–666 nM) showed

a decrease in bioluminescence (Figure 6B). From these results

we conclude that antibody 2B10 efficiently blocks the dimeriza-

tion/oligomerization of tau in a concentration-dependent manner.

3.6 Uptake and lysosomal localization of
antibodies in N2a cells

From the results described above, it is evident that antibodies

applied extracellularly (without usingXfect) can inhibit the intracellular

oligomerization of tau (split-luciferase complementation assay). How-

ever, the question remains how these extracellular antibodies are act-

ing on intracellular tau aggregation? We, therefore, performed anti-

body uptake assay with a A647 fluorophore tagged 2B10 antibody

and a non-specific isotype control antibody (anti-Flag). Different anti-

body concentrations ranging from 10 to 60 µg/mL (66 to 400 nM)were

added to N2a wildtype cells and N2a cells expressing TauRDΔK (dif-

ferentiated and undifferentiated) in the extracellular medium (without

using Xfect). After 24 hours, uptake of 2B10 antibody was observed in

both cells types (N2a-wt, N2a-TauRDΔK) irrespective of the presence or

absenceof the tau inside the cell (Figure7A) andat all antibody concen-

trations (10-60 µg/mL of 2B10; N2a-wt: Figure S9 in supporting infor-

mation, images 1, 4, 7; N2a-TauRDΔK: Figure S9, images 2, 5, 8). Surpris-

ingly, the non-specific isotype control antibody was also taken up by

N2a- TauRDΔK cells (Figure S9, images 3, 6). Thus, both differentiated

and undifferentiated cells take up the antibody with similar efficiency

(Figure S9, A, B).

The extracellular antibodies are internalized by N2a cells and

are localized in punctate structures (Figure 7A. white arrow). To
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F IGURE 6 Antibodies inhibit tau dimerization in tau-luciferase protein-fragment complementation assay. N2a cells were co-transfected with
TauRDΔK-Luc-N and TauRDΔK-Luc-C. Assembly of taumolecules (dimerization or oligomerization) leads to complementation of both split luciferase
fragments resulting in a bioluminescence signal. A, N2a cells expressing the two constructs treated with 100 µg/mL of 2B10 or 6H1 antibodies
extracellularly for 15 hours. Representative bioluminescence images of 96-well plate showing the ability of antibodies to block tau aggregation.
The histogram below compares bioluminescence intensity, normalized to untreated cells= 100%. Antibody 2B10 (bar 2) reduces intensity by
~90%. The non-specific antibody IgG control (bar 4) has no significant effects. Likewise, antibody 6H1 has no effect (bar 3), presumably because it
interferes with aggregation at the stage of high-n oligomers and is not sensitive to this assay. B, N2a cells co-transfected with both constructs and
treated with various concentrations of 2B10 (6.25, 12.5, 25, 50, 100 µg/mL) or control IgG control antibodies for 15 hours. Representative images
illustrating the decrease in bioluminescence intensity are shown on top and quantified in the histogram. 100 µg/mL (bar 6) of 2B10 antibody show
a decrease in bioluminescence to ~40% of controls (bar 1). By contrast, 100 µg/mL of the IgG control antibody have no effect (bar 7)

understand the specific nature of these punctate antibody-containing

structures, we stained the cells with fluorescent dyes that label

acidic organelles (lysosomes) in living cells. 24 hours’ incubation of

fluorophore-labeled 2B10 (red) and non-specific IgG control (red) anti-

bodies (60 µg/mL) on N2a-TauRDΔK cells showed co-localization (yel-

low) with the lysotracker dye (Figure 7B, images 3, 6), which confirms

that the tau specific antibody 2B10 and the non-specific isotype con-

trol antibody were sorted to the lysosomes. Although both antibod-

ies are sorted to lysosomes, a much larger fraction of 2B10 antibody

co-localized with lysosomes compared to the isotype control antibody

(Figure 7C, compare red and gray bars).

3.7 Antibodies promote tau entry to lysosomes
for clearance

The antibodies added extracellularly were internalized by the cells and

are sorted to lysosomes. However, it is unknown whether antibod-

ies in lysosomes are bound to tau or whether they promote the sort-

ing of tau to lysosomes. To test this, we incubated N2a-TauRDΔK cells

(doxycycline, 48 hours) with lysotracker dye (green) and fluorophore-

labeled 2B10 (red) or IgG control (red) antibodies (extracellularly) for

24 hours followed by cell fixation and stained with unlabeled K9JA

antibody (blue) followed by fluorophore labeled secondary antibody.

Lysotracker dye stained the lysosomes (green; Figure 8A, images 1,

5). Antibodies 2B10 (red) and IgG control (red) were taken up by the

cells and compartmentalized as punctate structures (Figure 8A, images

2, 6). K9JA antibody (blue) detected TauRDΔK in N2a cells (Figure 8A,

images 3, 7). N2a TauRDΔK cells treated with 2B10 antibody showed

clear co-localization (white) with lysotracker dye and pan tau antibody

K9JA (Figure 8A, image 4, white arrows). In contrast, cells treated with

IgG control antibody cells did not show co-localization with the pan

tau antibody (Figure 8A, image 8). It is evident that tau was compart-

mentalized in cells treated with 2B10 antibody (Figure 8A, image 3),

whereas in cells treated with IgG control antibody tau was distributed

all over (Figure 8A, image 7). This result shows that the 2B10 antibody

recruits the tau to lysosomes presumably for its clearance, unlike the

control antibody (Figure 8B).

In conclusion, the monoclonal antibody 2B10 binds specifically to

low-n oligomers of tau (dot blot, IC, and IHC) with weak affinity (BLItz

assay). Antibody 2B10 blocks the aggregation of tau in vitro (ThS,

DLS, and AFM) but fails to do so in N2a cells expressing TauRDΔK

(flow cytometry-ThS). Interestingly, 2B10 antibody added extracellu-

larly can block the dimerization of tau in a concentration-dependent

manner (split luciferase complement assay). Moreover, extracellularly

added antibody enters the cells, binds to cytosolic tau (TauRDΔK),

and recruits tau (presumably toxic oligomers) to lysosomes for

degradation.
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F IGURE 7 Uptake and lysosomal localization of antibodies in N2a cells. A, Uptake of antibodies by N2a cells monitored by
immunofluorescence. N2a-wt cells or N2a cells expressing TauRDΔK treated extracellularly (without using Xfect) with 60 µg/mL of Alexa647 tagged
2B10 (red) antibody for 24 hours, then fixed for immunocytochemistry. Alexa tagged 2B10 antibody showed uptake both in N2a-wt (images 1) and
N2a-TauRDΔK (images 2) cells, and the antibody was localized in punctate structures (white arrows) in the cells. B, 60 µg/mL of A647 labeled 2B10
(red, top row) or immunoglobulin G (IgG) control (red, bottom row) antibodies were applied extracellularly for 24 hours with 75 nMof Lysotracker
dye (green) on N2a-TauRDΔK cells inducedwith doxycycline. Lysotracker dye stained the lysosomes (image 1, 4). 2B10 and IgG control antibodies
were taken up by cells and localized as punctate structures (images 2, 5). Some of these antibodies showed co-localization (yellow) with lysosomes
(images 3, 6). C, Quantification of the lysosomes and co-localized puncta per cell shows increased localization of antibody 2B10 in lysosomes (Lys).
n= 3; one-way analysis of variance with Tukey’s multiple comparison; ****P=< .0001; ***P= .0002

4 DISCUSSION

Tauopathies, including AD, are characterized by abnormal changes

of tau, notably aggregation and posttranslational modifications (eg,

phosphorylation).1,42 Traditional attempts to develop treatmentswere

aimed at drugs to inhibit aggregation, or to reduce posttransla-

tional modifications, eg, kinase inhibitors. However, these approaches

were not successful.27 More recent attempts focused on targeting

either intracellular or extracellular tau by immunotherapies (active

or passive). The majority of these approaches targeted non-toxic tau

monomers or tau aggregates by antibodies.17,32,33,28 On the other

hand, we and others demonstrated that oligomers are the predomi-

nant toxic tau species.13,43,44 In fact, low-n oligomers of tau are highly

toxic to synapses even before neurons show signs of degeneration.15

Thus it would be rational to target these species of tau for therapeu-

tic approaches, and hence we generated antibodies against selectively

purified low-n oligomers.

Monoclonal antibodies raised against these low-n tau oligomers

were analyzed by biophysical, biochemical, and cell biological meth-

ods. In dot blot analysis, the antibodies showed reactivity for low-n

oligomers (2B10), high-n oligomers (6H1), and aggregates (2G9, 26G1,

28D4, 29E2, and 32E7) of tau (Figure 1A and Figure S1). The reactiv-

ity of the antibodies was changed in western blots presumably due to

denaturation of the proteins by SDS, whereas dot blots retain the pro-

tein in their native conformation. The results confirmed that some of

the antibodies were conformation-dependent and showed specificity
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F IGURE 8 Antibodies promote tau entry to lysosomes for clearance. 60 µg/mL of Alexa647 labeled 2B10 (red) or immunoglobulin G (IgG)
control (red) antibodies applied extracellularly for 24 hours with 75 nMof Lysotracker dye (green) on N2a-TauRDΔK cells inducedwith doxycycline.
A, Cells fixed and probedwith antibody K9JA (blue) (anti-rabbit AMCA) to detect TauRDΔK (image 3, 7). Lysotracker dye stained lysosomes (images
1, 5). 2B10 and IgG control antibodies were taken up by cells and compartmentalized into puncta (images 2, 6). 2B10 antibody shows
co-localization with tau and lysosomes (image 4, white arrows), whereas the IgG control antibody shows co-localization only with lysosomes but
not with tau (image 8). B, Quantification of the triple co-localized (tau+antibody in lysosomes) puncta per cell shows increased localization of tau
and 2B10 in lysosomes. n= 3; Unpaired t test; ****P=< .0001

under native conditions, reminiscent of observations with monoclonal

antibodies specific for Aβ aggregates.45

Aggregation of tau is the primary hallmark for the disease pathol-

ogy in AD and other tauopathies.We tested our antibodies in assays to

inhibit tau aggregation in vitro, using different tau constructs K19, K18

(3-repeat, 4-repeat domain, respectively, data not shown), TauRDΔK

(pro-aggregant 4 repeats with ΔK280 mutation) and TauFL-P301L (full-

length tau with pro-aggregant P301L mutation). Several antibodies

inhibit tau aggregation dramatically at ~1:1 (antibody:tau) equimo-

lar ratio. More specifically, antibodies 2B10 and 6H1 strongly (~90%)

inhibited the aggregation (Figure 3) even at low concentrations (1:0.5

and 0.25 = tau:antibody ratio; Figure S4 in supporting information).
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This is similar to the case of Aβ in which aggregation was inhibited by

Aβ-specific antibodies either only at a 4:1 (antibody:Aβ) molar ratio46

or at 20µMequimolar concentrations.47 2B10and6H1antibodies bind

to low-n and high-n oligomers of tau and prevent further aggregation,

as observed by DLS and AFM (Figure 4).

Tau is an intracellular protein that forms fibrous aggregates inside

the neurons. Aggregated tau inside cells can causemicrotubule disrup-

tion, transport inhibition, and dysregulation of signaling or degradation

pathways.1,48 A majority of the immunotherapeutic approaches aimed

to scavenge extracellular tau to block the transcellular spreading of

tau. However, this approach does not address tau packed in extracel-

lular vesicles (eg, exosomes) and the pool of intracellular pathological

tau.16,17,19,49 Because cytosolic tau is the source of extracellular tau

and tau pathology, it would be more beneficial to target the cytoso-

lic tau with the antibodies to clear intracellular pathological tau.21,50

Using the N2a cell model of tauopathy expressing TauRDΔK, we tested

the ability of our antibodies to inhibit aggregation of intracellular tau

(ThS positive) and the associated toxic effects (early apoptosis-Annexin

V). Despite the uptake of our antibodies (added extracellularly) by N2a

cells, the number of ThS positive cells and Annexin V positive cells

remained unchanged (data not shown). Even intracellular delivery of

antibodies (Xfect transfection—to increase the intracellular antibody

concentration) at high concentration did not affect ThS and Annexin V

staining in this cell model (Figure 5).

There are several possible explanations for these observations.

1. Excess of tau over antibodies: The concentration of antibodies

applied (extra and intracellularly) was very low (~660 nM) com-

pared to the high concentration (~95 µM) of the tau expressed in

N2a cells.34 The in vitro data clearly show that antibody 2B10 or

6H1 inhibits tau aggregation at equimolar concentrations. How-

ever, such a high concentration (~95 µM) of antibody could not be

reached in the cell culture system.

2. Degradation of antibodies: The antibodywas present in the cells for

96hours.During this time, theantibodies couldhavebeendegraded

by the cell.51

3. Detection of tau oligomers: InN2a cells, the ThS dye robustly labels

filamentous tau aggregates assembled with β-structure, but incipi-
ent forms of aggregation (oligomers) are not labeled reliably. There-

fore, reduction of oligomers by antibodies might not have been

detectable. Thiswould require amore sensitive assaywhere the ini-

tial stages of tau aggregation (oligomerization) can bemonitored.

To achieve this, we developed a tau-split luciferase complementa-

tion assay37 to monitor the oligomerization of TauRDΔK. This assay

monitors the early changes that occur during tau dimerization52 (Fig-

ure S6). Interestingly, antibody 2B10 (specific for low-n oligomers)

inhibited the tau dimerization completely in a concentration depen-

dent manner (Figure 6A, B), whereas all others tested antibodies had

no effect (Figure S7). Even the 6H1 antibody, despite inhibiting tau

aggregation in vitro, did not have any effect in the bioluminescence

assay. The possible explanation could be that antibody 6H1 binds to

high-n oligomers andblocks tau aggregation,which cannot be detected

by this assay. The results were intriguing, considering that the anti-

bodywith the lowest affinity when applied extracellularly inhibited the

tau-dimerization better than antibodieswith higher affinity. Analogous

observations weremade by others.53

Because antibody 2B10 inhibited intracellular tau oligomerization

when added extracellularly, we hypothesized that antibody 2B10

must have been internalized by the N2a cells. There is contradictory

evidence about the internalization of antibodies by neurons and the

mechanism of the entry.20,17,18 However, different modes of antibody

entry into neuronal cells (receptor-dependent and -independent) to

combat intracellular tau pathology had been reported previously.5,50

Alexa 647-tagged 2B10 antibody enters both N2a wild type cells and

N2a-TauRDΔK cells in a concentration dependent manner (Figure S9

in supporting information). Even the control antibodies (secondary

antibody, IgG control non-specific antibody) are taken up by these

cells. Unlike previously reported, uptake of antibody 2B10 by N2a

cells was not dependent either on the concentration of tau or the

pathological tau inside the neurons.20,54 Interestingly, the internalized

antibodies were detected as puncta in the cytoplasm (Figure 7A).

Consistent with previous observations,54 2B10 antibody co-localized

with lysosomal markers (Figure 7B). In our studies, all other inter-

nalized antibodies also co-localized with the lysosomes (Figure 7B).

A likely reason is that the internalized antibodies are degraded in

the lysosomes, whether they are specific to tau protein or not. We

observed that only the 2B10 antibodywas able to bind to tau (TauRDΔK)

in the cytosol and the lysosomes, but the control antibody did not bind

to tau (Figure 8A). The internalized antibody 2B10 appears to be

released into the cytosol, possibly by potocytosis,55 where it binds to

tau and presumably diverts them to lysosomes for degradation. These

data are consistent with the previous findings that the endosomal–

lysosomal pathway is involved in antibody-mediated clearance of tau

aggregates.20,21,56 The exact mechanism of entry of our antibodies

into N2a cells is not known yet. In our hands, the blockers used to

inhibit different modes of endocytosis were highly toxic to our N2a

cell model (not shown). However, it has been reported that antibody

uptake is through bulk endocytosis as well as receptor-mediated

endocytosis.50

In spite of the different effects of the antibody actions, it is crucial to

understand the mechanism of antibody-mediated reduction and clear-

ance of tau aggregates. In general, tau antibodies could use different

mechanisms to eliminate or reduce tau protein and hence aggregation.

One possibility is that antibodies bind extracellular tau, which are then

internalized bymicroglia via cell surface receptors (FcγRII and FcγRIII).
This could inhibit the spreading of tau pathology via trans-neuronal

spreading of tau, as illustrated in Figure 9A.18 Another possibility is

that antibodies are internalized by neurons, bind to tau, and guide it

to lysosomes for degradation. This could reduce intracellular tau and,

therefore, tau aggregation (see Figure 9B).20

In conclusion, this study focused on the generation of tau oligomer-

specific antibodies and their uptake into neurons. Different antibod-

ies can be taken up by cells, but only oligomer-specific antibodies

bind to toxic tau and form clusters in lysosomes. This would be the

basis for reducing cytoplasmic tau and thus reducing aggregation. The
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F IGURE 9 Modes of activities of anti-tau antibodies. A, Antibodymediated inhibition of extracellular tau: Pathological tau (red) released into
the extracellular space is taken up by the neighboring cell and induces the aggregation of endogenous tau (violet) in healthy neurons (prion-like
spreadingmodel). Anti-tau antibodies bind to the extracellular tau and prevent the uptake and spreading of toxic tau to the neighboring neurons. B,
Antibodymediated inhibition of intracellular tau: Extracellular antibodies are taken up by neurons, where they interact with their antigen (eg,
pathological tau oligomers), inhibit tau aggregation, and promote their entry to lysosomes for degradation

mechanistic details of antibody-mediated inhibition of tau aggregation

and clearance still have to be elucidated.
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