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Abstract.12

Background: Alzheimer’s disease (AD) and other tauopathies are neurodegenerative disorders characterized by cellular
accumulation of aggregated tau protein. Tau pathology within these disorders is accompanied by chronic neuroinflammation,
such as activation of the classical complement pathway by complement initiation factor C1q. Additionally, about half of the
AD cases present with inclusions composed of aggregated alpha-synuclein called Lewy bodies. Lewy bodies in disorders
such as Parkinson’s disease and Lewy body dementia also frequently occur together with tau pathology.
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Objective: Immunotherapy is currently the most promising treatment strategy for tauopathies. However, the presence of
multiple pathological processes within tauopathies makes it desirable to simultaneously target more than one disease pathway.
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Methods: Herein, we have developed three bispecific antibodies based on published antibody binding region sequences. One
bispecific antibody binds to tau plus alpha-synuclein and two bispecific antibodies bind to tau plus C1q.
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Results: Affinity of the bispecific antibodies to their targets compared to their monospecific counterparts ranged from nearly
identical to one order of magnitude lower. All bispecific antibodies retained binding to aggregated protein in patient-derived
brain sections. The bispecific antibodies also retained their ability to inhibit aggregation of recombinant tau, regardless of
whether the tau binding sites were in IgG or scFv format. Mono- and bispecific antibodies inhibited cellular seeding induced
by AD-derived pathological tau with similar efficacy. Finally, both Tau-C1q bispecific antibodies completely inhibited the
classical complement pathway.
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Conclusion: Bispecific antibodies that bind to multiple pathological targets may therefore present a promising approach to
treat tauopathies and other neurodegenerative disorders.
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INTRODUCTION31

Tauopathies are characterized by cellular accumu-32

lations of aggregated tau, such as the neurofibrillary33

tangles (NFTs) in Alzheimer’s disease (AD) [1, 2].

∗Correspondence to: Thomas Vogels, Maptimmune, Wilde Ga-
gel 30, 2498EP The Hague, The Netherlands. Tel.:+31 6 47219377;
E-mail: t.vogels@maptimmune.com.

About 50% of the AD cases also contain �-synuclein 34

(�Syn) inclusions called Lewy bodies [3, 4]. When 35

present, Lewy body pathology contributes signifi- 36

cantly to the clinical presentation of AD [5–11]. 37

Likewise, tau pathology is often present in synu- 38

cleinopathies such as Parkinson’s disease (PD) and 39

dementia with Lewy bodies (DLB) [3, 4]. The pres- 40

ence of NFTs is not only strongly correlated to disease 41

progression in tauopathies, but also contributes to 42
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neurodegeneration as well as clinical symptoms in43

different synucleinopathies [12–17]. Furthermore,44

there is increasing evidence indicating a biological45

interaction between tau and �Syn pathology [3, 18–46

21]. The last decade of research has also demonstr-47

ated many similarities in the pathological processes48

induced by tau and �Syn pathology: both proteins49

can progressively aggregate via templated misfold-50

ing (also known as ‘seeding’), accumulate into cells51

as fibrillar �-sheet rich aggregates, and can spread to52

other cells, thereby propagating their pathology [2,53

22].54

Tauopathy patients as well as transgenic animals55

with tau pathology also exhibit chronic neuroinflam-56

mation, which plays a key role in neurodegeneration57

[23]. One pro-inflammatory pathway that is robustly58

upregulated in response to tau pathology is the classi-59

cal complement cascade [24–27]. Since complement60

is also induced by AD-related A� plaque pathol-61

ogy [28, 29], it may be of particular importance to62

AD. The complement-initiating protein C1q is an63

extracellular protein that, in the context of neurode-64

generation, is critical in synapse phagocytosis by65

microglia [24, 30], activation of neurotoxic A1 astro-66

cytes [31], and neurodegeneration associated with67

activation of downstream complement components68

(e.g., C3, C5a) [25, 26, 32].69

Immunotherapy is currently the most established70

approach for treating neurodegenerative disorders71

associated with protein aggregates (proteinopathies),72

such as tauopathies and synucleinopathies [33]. The73

dominating functional mechanism of these immu-74

notherapies is antibody-mediated neutralization of75

misfolded and aggregated proteins in the extracellular76

space [34]. This process inhibits seeded aggregation77

in healthy cells, thereby potentially reducing the78

propagation of the disease progression [35]. Neutrali-79

zing antibodies against extracellular pro-inflamm-80

atory proteins have also been explored as a potential81

treatment strategy for proteinopathies [36, 37]. A neu-82

tralizing anti-C1q antibody inhibiting the classical83

complement pathway was shown to rescue both A�84

and tau pathology-induced synapse phagocytosis by85

microglia [24, 30].86

There is growing consensus that the ultimately eff-87

ective treatment for proteinopathies will consist of88

a combination treatment [38]. However, regulatory89

hurdles make it difficult to test combination treat-90

ments without showing efficacy of the individual91

drugs in a first stage. Furthermore, employing two92

drugs simultaneously complicates dose optimization93

in clinical trials. In the case of immunotherapy,94

combining two or more monoclonal antibodies may 95

result in unsustainable treatment costs. Additionally, 96

brain uptake of IgG is limited, and two monoclonal 97

antibodies may compete for the same pathways, 98

which may lead to lower uptake of both antibodies. 99

This is particularly the case for the anticipated novel 100

generation of antibodies, which bind to saturable pro- 101

teins (e.g., transferrin) on the blood-brain barrier to 102

promote their uptake in the brain parenchyma [39, 103

40]. 104

The goal of the present study was to explore a novel 105

approach: bispecific antibodies that simultaneously 106

bind to two proteins involved in the pathological 107

process of AD and other tauopathies. The use of bis- 108

pecific antibodies that bind to two disease-related tar- 109

gets has increased in the past years in other fields 110

(e.g., oncology), but—to the best of our knowledge— 111

this has not yet been explored for the treatment of 112

neurodegeneration [41]. In the present study we 113

have developed bispecific antibodies based on pub- 114

lished immunoglobulin G (IgG) complementarity- 115

determining regions (CDRs) binding to tau plus �Syn 116

as well as tau plus C1q. We have decided to focus 117

on two proteinopathy targets for which the mecha- 118

nism of action of immunotherapy is supposed to be 119

similar, as both anti-tau and anti-�Syn antibodies are 120

thought to prevent their propagation through the brain 121

by blocking cellular uptake [42]. This contrasts with 122

targeting A� with immunotherapy, which is supposed 123

to remove deposited plaques from the brain [43]. In 124

addition, we combined tau with C1q to explore the 125

possibility of targeting one proteinopathy and one 126

neuroinflammation-related target. We show that the 127

bispecific antibodies retained their target-binding and 128

therapeutic effects in functional assays. 129

METHODS 130

Human brain tissue 131

The brain samples were obtained from The Net- 132

herlands Brain Bank (NBB), Netherlands Institute 133

for Neuroscience, Amsterdam (open access: www. 134

brainbank.nl). All material has been collected from 135

donors for or from whom a written informed consent 136

for a brain autopsy and the use of the material and 137

clinical information for research purposes had been 138

obtained by the NBB. 139

Paraffin-embedded middle frontal gyrus of a 68- 140

year-old female patient with the Lewy body variant 141

of AD (amyloid C, NFTs Braak VI, Lewy bodies 142

Braak 6, APOE �4/3) and the same region from a 143

www.brainbank.nl
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non-demented 69-year-old female (amyloid –, NFTs144

Braak I, Lewy bodies Braak 0, APOE �3/3) were used145

for histological analysis. The middle frontal gyrus in146

this patient was previously characterized by the brain147

bank and shown to be heavily affected by A� plaques,148

NFTs, and Lewy body pathology. The postmortem149

delay was 3:30 h for the patient tissue and 6:15 h for150

the non-demented control tissue.151

For the cellular seeding assay, a pool of frozen,152

non-fixed material was used. This consisted of angu-153

lar gyrus of two male AD patients (ages 63 and 64154

years old; 6; both APOE �3/3) and superior parietal155

gyrus of four female AD patients (ages between 77156

and 92 years old; APOE allele �3/3, �3/4, and �4/4).157

All samples were Braak stage VI for tau pathology158

and had a postmortem delay ranging from 3:00 to159

4:45 h.160

Production of bispecific antibodies161

Production of bispecific antibodies was performed162

at Absolute Antibody (UK). The produced bispeci-163

fic antibodies consist of a mouse IgG1 molecule164

with two scFv molecules fused at the carboxy-ter-165

minus of the heavy chain. Variable domains from pub-166

licly available DNA sequences were designed and167

optimized for expression in mammalian cells (HEK168

293) prior to being synthesized. The tau binding reg-169

ions from mono- and bispecific variants of antibody170

A were derived from clone hu37D3-H9.v28 (US201171

90367592A1), which bind the distal N-terminus of172

tau (requiring tau residues Y18A and L20A). The173

tau binding regions from mono- and bispecific vari-174

ants of antibody B were derived from clone AB1175

(WO2017005734A1), which binds to the central re-176

gion of tau (amino acids 235–246) [44]. The �Syn177

binding regions were derived from clone M9E4 (US178

20200024336A1), which recognizes the C-terminus179

(amino acids 118–126) [45]. The C1q binding regions180

were derived from clone M1 (US10590190B2),181

which binds a conformational epitope on C1q [30].182

The sequences were subsequently cloned into Abso-183

lute Antibody cloning and expression vectors for184

mouse IgG1 and scFv. The C1q binding antibodies185

had an additional D265A mutation in the mouse IgG1186

backbone to eliminate potential C1q binding in the187

Fc domain [46]. HEK293 cells were passaged to the188

optimum stage for transient transfection. Cells were189

transiently transfected with expression vectors and190

cultured for a further 6-14 days. An appropriate vol-191

ume of cells was transfected with the aim to obtain192

1–5 mg of purified antibody. Cultures were harvested193

and a one-step purification was performed by affin- 194

ity chromatography. The antibodies were analyzed 195

for purity by SDS-PAGE and the concentration was 196

determined by UV spectroscopy. This format of the 197

resulting bispecific antibodies is commonly referred 198

to as IgG-scFv, IgG-scFv (HC), or BiS3. 199

Enzyme-linked immunosorbent assay (ELISA) 200

ELISA was performed at Absolute Antibody 201

(UK). Maxisorb micro microplates were coated with 202

5 �g/ml of antigen in PBS for 1 h. Solutions were re- 203

moved, and plates were blocked overnight at 4◦C 204

in 1% casein solution. Solutions were removed and 205

plates were washed once with PBS with 0.02% 206

Tween-20. Antibody samples were added in dupli- 207

cates and incubated for 1 h with shaking at room 208

temperature. Plates were washed 4 times with PBS 209

supplemented with 0.02% Tween-20. Goat anti-mo- 210

use HRP conjugated secondary antibody (1:4000 211

dilution) was added and incubated for 1 hour with 212

shaking at room temperature. Plates were washed 4 213

times with PBS with Tween-20 followed by washing 214

twice with water. Detection was performed by incu- 215

bation with the TMB substrate for 10 min, followed 216

by 0.1 M HCl. Absorbance was read out at 450 nm. 217

Purification of recombinant proteins 218

For the expression and purification of recombi- 219

nant Tau40 (2N4R), E. coli BL21(λDE3) Star™ (No- 220

vagen) cells were transfected with a modified pET28b 221

plasmid harboring full length Tau40 protein with 222

an amino-terminal His-SUMO Tag (purchased E. 223

coli codon optimized from GeneScript). Transformed 224

cells were spread on LB-Agar plates containing 225

Kanamycin (40 �g/ml) (Sigma Aldrich) and grown 226

overnight at 37◦C. For protein expression and purifi- 227

cation, the cells were pre-cultured overnight in 2 × 228

M9 medium [47] (supplemented with Kanamycin 229

(40 �g/ml) at 30◦C. The main culture was inoculated 230

with the precultured medium to an OD600 ≈ 0.1 and 231

grown at 37◦C until a cell density of OD600 ≈ 0.8 was 232

reached at 37◦C. Protein expression was induced by 233

the addition of 1 mM isopropyl �-D-thiogalactoside 234

(IPTG) (Thermo Scientific) for 16 h at 22◦C. Cells 235

were harvested by centrifugation at 5.000 × g at 4◦C 236

for 20 min. The resulting cell pellet was washed 237

once with ice cold PBS/EDTA buffer (0.137 M NaCl, 238

0.0027 M, 0.01 M Na2HPO4, 0.0018 M KH2PO4, 239

2 mM EDTA), subsequently resuspended in 80 ml ice 240

cold lysis/binding (0.025 M NaPi pH7.8, 0.5 M NaCl) 241
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buffer and lysed by four passes through an Emulsiflex242

(Avestin).243

The cleared cell lysate was centrifuged at 22000 ×244

g for 1 h at 4◦C. The supernatant was directly app-245

lied to a HisTrap HP column (GE Healthcare), equ-246

ilibrated with binding buffer, washed with 5 column247

volumes of the same buffer supplemented with248

25 mM imidazole. Tau protein was eluted with a249

150 mM imidazole step. Fractions containing Tau40250

were pooled and dialyzed overnight, against 5L251

human SenP1 cleavage buffer (25 mM TrisHCl, 150252

mM NaCl, 1 mM DTT, pH 7.4). After dialysis Sen253

P1 protease (Addgene plasmid #16356) [48] was254

added and the enzymatic cleavage was performed255

for 4 h at room temperature. Separation of the His-256

SUMO-Tag and Tau40 was done by a second HisTrap257

HP column step and fractions containing cleaved258

Tau40 in the flow-through were collected, concen-259

trated, and subsequently purified by gel filtration260

using a HiLoad 10/60 200 pg column (GE Health-261

care) pre-equilibrated with PBS buffer supplemented262

with 2 mM EDTA. Pure tau fractions were con-263

centrated to about 500 �M, flash frozen in liquid264

nitrogen, and stored at –80◦C till usage.265

Human �Syn was expressed from plasmid pRK266

172 (a kind gift of M. Goedert) [49] in E. coli267

BL21 (λDE3) Star™ (Novagen) cells as described268

before [50–52]. Briefly, �Syn was purified by a non-269

denaturing protocol by anion-exchange chromatog-270

raphy followed by a size-exclusion chromatography271

step using a Superdex75 Increase column (GE Hea-272

lthcare). The �Syn containing fractions were concen-273

trated to about 500 �M and stored at –80◦C.274

Bio-layer interferometry (BLI)275

BLI experiments were performed on an OctetR276

ED96 system (Fortébio) at 30◦C. Recombinant Tau277

40, �Syn, and C1q (Abcam; ab96363) were biotiny-278

lated using the EZ-Link NHS-PEG4 Biotinylation Kit279

(Thermo Fisher Scientific) according to the manu-280

facturer’s instructions. Briefly, a biotin aliquot was281

freshly resolved in H2O, directly added to the protein282

solution to a final molar ratio of 1:1 in PBS buffer and283

the solution was gently mixed for 30 min at room tem-284

perature. Unreacted biotin was removed with Zeba285

Spin Desalting Columns (7 MWCO, Thermo Fisher286

Scientific). Biotin-labelled proteins were immobi-287

lized on the streptavidin (SA) biosensors (Fortébio)288

and the biosensors were subsequently blocked with289

EZ-Link Biocytin (Thermo Fisher Scientific). The290

different antibodies used were diluted and applied in291

a dose-dependent manner to the biosensors immobi- 292

lized with the respective proteins. Experiments were 293

performed in PBS buffer pH 7.4 supplemented with 294

1% Bovine serum albumin (BSA) (Sigma-Aldrich) 295

and 0.02% Tween (Fluka) to avoid non-specific inter- 296

actions. Parallel experiments were performed for 297

reference sensors with no antibodies bound and the 298

signals were used for baseline subtraction during 299

the subsequent data analysis. The association and 300

dissociation periods were set to 300 s and 500 s, 301

respectively. Data measurements and analysis were 302

performed by using the Data acquisition 10.0 and the 303

Data analysis HT 10.0 (Fortébio) software, respec- 304

tively. 305

Immunofluorescence 306

Immunofluorescent histological staining was ba- 307

sed on a modified version of a previously published 308

protocol [53]. All steps were performed at room 309

temperature unless mentioned otherwise. Paraffin- 310

embedded sections (8 �m) were deparaffinized and 311

washed in PBS. Heat antigen retrieval was performed 312

by immersing the sections in sodium citrate buffer 313

(10 mM Sodium citrate, 0.05% Tween 20, pH 6.0) 314

and boiling in a microwave for 10 min. The sections 315

were then left to cool down at room temperature and 316

subsequently incubated for 1 min in TrueBlack lipo- 317

fuscin autofluorescence quencher (Biotium, USA) 318

diluted 1:20 in 70% ethanol. After washing, sections 319

were blocked for 1 h in horse serum and incubated 320

in mono- and bispecific antibodies or commercial 321

primary antibodies diluted in PBS overnight at 4◦C. 322

The following dilutions were used: experimental anti- 323

bodies 1:2000 (from 1 mg/ml stock), rabbit anti-Tau 324

pS214 1:500 (ab170892, Abcam, UK), rabbit anti- 325

�Syn 1:1000 (ab51253, Abcam, UK). The second 326

day, sections were thoroughly washed and incu- 327

bated for 1 h in secondary antibodies anti-mouse 328

IgG-Cy2, and anti-rabbit IgG-Cy3 (Thermo Fisher 329

Scientific), both dissolved 1:1000 in PBS contain- 330

ing 10 �g/ml Methoxy-X04 (Tocris Bioscience). 331

After thoroughly washing, slides were coverslipped 332

using anti-fade ProLong™ Gold Antifade Mountant 333

(Thermo Fisher). Slides were imaged on a Zeiss LSM 334

700 confocal microscope. 335

CH50-assay to measure classical complement 336

Human serum (Haemoscan, The Netherlands) was 337

diluted 1/28 in dilution buffer and mixed with a 338

previously reported complement-neutralizing dose of 339
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the C1q antibody: 1 �g per test for the monospe-340

cific antibodies and 1.25 �g for bispecific antibodies341

to have equal numbers of antibody molecules under342

all conditions [30]. The antibody:serum mixture was343

pre-incubated for 1 h at 4◦C, then mixed with bovine344

erythrocytes at 37◦C according to the manufac-345

turer’s instructions (Haemoscan, The Netherlands).346

Stop solution was applied after 30 min, samples were347

centrifuged for 10 min at 400 × g and subsequently348

measured at OD415 to determine the amount of cell349

lysis, according to the manufacturer’s instructions350

(Haemoscan, The Netherlands). IgG containing sam-351

ples were measured in duplicates and data was pooled352

from 5 independently prepared experiments. Dilution353

buffer without serum was used as a negative control354

and serum without experimental antibodies was used355

as a positive control and the resulting OD415 values356

were averaged to determine 100% hemolysis.357

Cell-free tau aggregation assay358

Recombinant Tau441 (2N4R) P301L (Analytik359

Jena, T-1014-1) at 1 �M final concentration, was360

incubated with 30 �M sodium octadecylsulfate361

(ODS) and 1 �M heparin in reagent buffer (20 �M362

Thioflavin T, 5 mM 1,4-dithioerythreitol, 100 mM363

NaCl, 10 mM HEPES pH 7.4) for 15 h at 37◦C in364

black no-binding 96 well plates. IgG and IgG-scFv365

were used in the same concentration as recombi-366

nant tau (1 �M). Compounds were incubated with the367

before mentioned tau-Heparin-ODS-Buffer solution.368

Six technical replicates were performed. Immedi-369

ately after preparation a baseline measurement was370

carried out and following 4 and 15 h of incubation371

at 37◦C, fluorescence was again detected by using372

450 nm excitation and 485 nm emission.373

Extraction of sarkosyl insoluble tau374

The preparation of sarkosyl insoluble brain frac-375

tion was performed as described previously [54]. AD376

brain tissue was homogenized in 3 volumes (v/w)377

of cold H buffer (10 mM Tris, 1 mM EGTA, 0.8 M378

NaCl, 10% sucrose, pH 7.4, containing 1 mM PMSF)379

with protease inhibitor (EMD Millipore, 539131).380

After 20 min incubation on ice the homogenate was381

spun at 27.200 × g for 20 min at 4◦C. Supernatants382

were supplemented with 1% sarkosyl and 1% 2-383

mercaptoethanol final concentration and incubated384

for 1 h at 37◦C on orbital shaker. The samples were385

then centrifuged at 150,000 × g for 35 min at room386

temperature. The pellet was resuspended in TBS387

(10 mM Tris, 154 mM NaCl) and the insoluble frac- 388

tion was used as described below. 389

Capillary electrophoresis-based immunoassay 390

Automated separation and immunostaining of tau 391

was carried out using a capillary-based immunoassay, 392

WES™ (proteinsimple®). Insoluble sarkosyl extrac- 393

tion samples (0.2 mg/mL) before and after sonication 394

for 2 min were applied to a 25-capillary cartridge with 395

a 2 to 440 kDa matrix, according to the manufac- 396

turer’s protocol. After samples and antibody (Tau-13, 397

BioLegend Inc.) have been pipetted into the pre-filled 398

assay plate purchased from the manufacturer, sample 399

loading, separation, immunoprobing, washing, and 400

detection were performed automatically by WES™
401

Western system. Quantitative data analysis was per- 402

formed with Compass for SW software (Bio-Techne). 403

The areas under the curve were determined for the 404

subsequent analysis. 405

Cellular seeding assays with AD-derived tau 406

SH-SY5Y-hTau441 P301L cells were kept in cul- 407

ture medium (DMEM medium, 10% FCS, 1% NE 408

AA, 1% L-Glutamine, 100 �g/ml Gentamycin, 300 409

�g/ml Geneticin G-418) for ∼2 days until 80–90% 410

confluency was reached. Next, cells were differen- 411

tiated in culture medium supplemented with 10 �M 412

retinoic acid for 5 days changing medium every 2 to 3 413

days. Differentiated SH-SY5Y-hTau441 P301L cells 414

were incubated with sarkosyl extracts from brain in 415

combination with two different concentrations of the 416

antibodies. Therefore, 2.5 �g total protein of brain 417

extracts were mixed with 300 nM or 30 nM of the 418

antibodies in Opti-MEM and incubated overnight at 419

4◦C. On the same day, SH-SY5Y-hTau441 P301L 420

cells were seeded in culture medium on 96-well plates 421

at a cell density of 5 × 104 cells/well. On the next day, 422

the tau-antibody mixtures were incubated for 10 min 423

with Lipofectamine 2000 (Invitrogen) in Opti-MEM, 424

followed by adding these mixtures to the cells and 425

incubation for 48 h at 37◦C. Two days after tau treat- 426

ment, cells were harvested. To this end, cells were 427

washed once with cold PBS and harvested in 50 �L 428

FRET lysis buffer (Cisbio) per well and analyzed 429

according to the manufacturer’s protocol. 430

Briefly, samples were diluted 1:2 in lysis buffer and 431

the Anti-human TAU-d2 conjugate as well as the An- 432

ti-human Tau-Tb3+-Cryptate conjugate were diluted 433

1:50 in diluent solution and premixed. Thereafter, 434

16 �L of the lysates and 4 �L premixed conjugates 435
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were applied to a white 396 well plate and incubated436

approximately 20 h at RT on a shaker. Fluorescence437

emission at two different wavelengths (665 nm and438

620 nm) was performed on a multilabel plate counter439

(Victor 3V, PerkinElmer). The signal ratio was calcul-440

ated using the following formula: (Signal 665 nm/441

Signal 620 nm) × 104.442

Statistical analyses443

Statistical analyses and visualization of results444

was performed in Prism 8 (Graphpad Software, San445

Diego, CA, USA). Experimental antibodies were446

compared to vehicle control and each other using a447

Welch test with correction for multiple comparisons448

using the Benjamini-Hochberg procedure to keep the449

false discovery rate below 0.05 (cell free tau aggrega-450

tion assay; CH50 assay). This test assumes normally451

distributed data, but no equal variances between dif-452

ferent conditions. For the cellular tau seeding assay,453

we used the non-parametric Kruskal-Wallis test with454

Dunn’s multiple comparisons test, which does not455

assume normally distributed data. The threshold of456

corrected p-values in our analysis is 0.05. Individual457

data are presented in the graphs along with means and458

95% confidence intervals, unless stated otherwise in459

the figure legends. Comparisons between monospe-460

cific antibodies and their bispecific counterparts were461

indicated in the graphs with an asterisk if the cor-462

rected p-value was below the threshold and denoted463

as no difference (n.d.) when the corrected p-value did464

not cross the threshold.465

RESULTS466

Bispecific tau antibodies with additional binding467

to αSyn and C1q468

To validate a novel approach to immunotherapy469

for tauopathies, we have developed and character-470

ized three bispecific antibodies (Table 1). Antibody471

A binds to tau plus �Syn, with two tau bindings sites472

attached as scFv to the anti-�Syn IgG (Fig. 1A,473

Table 1). Antibody B-I is an anti-tau IgG fused to474

two C1q-binding scFvs (Fig. 1B, Table 1). Antibody475

B-II has the same binding regions as antibody B-II,476

except that this antibody is an anti-C1q IgG fused477

to two tau-binding scFvs (Fig. 1C, Table 1). Anti-478

body A allowed us to study immunotherapy binding479

to two proteinopathy-related targets. Antibody B-I480

and B-II allowed us to study immunotherapy to tau481

an inflammation-related target. Furthermore, since482

antibodies B-I and B-II were identical except for their 483

formats, this also allowed us to compare the influence 484

of the bispecific antibody format on functionality. 485

Antibodies were compared to their monospecific cou- 486

nterparts. Successful production of bispecific anti- 487

bodies was confirmed by SDS-Page. All three blots 488

looked similar with a single band at ∼198 kDa under 489

non-denaturing conditions (Fig. 1D-F). This is con- 490

sistent with an IgG molecule having a molecular 491

weight of ∼150 kDa plus two scFv molecules with 492

a MW of ∼25 kDa each. 493

Confirmation of target-binding and binding 494

kinetics 495

To confirm that the bispecific antibodies retained 496

binding to their targets, we tested them with ELISA. 497

Antibody A efficiently recognized both tau and �Syn 498

(Fig. 1G, J). Both antibody B-I and antibody B-II rec- 499

ognized tau and C1q (Fig. 1H–L). We then used Octet 500

BLI to determine the binding affinities of the bispe- 501

cific antibodies, which are summarized in Table 1. 502

Monospecific antibody Amono-tau and bispecific anti- 503

body A bound with similar affinity to tau (KD values 504

of 35 nM and 50 nM, respectively) (Table 1, Fig. 2A). 505

Similarly, monospecific antibody Amono-�Syn and bis- 506

pecific antibody A bound with similar affinity to 507

�Syn (KD values of 8.4 nM and 2.3 nM, respectively) 508

(Table 1, Fig. 2B). However, monospecific antibody 509

Bmono-tau had an approximately 10-fold higher affin- 510

ity compared to both bispecific antibodies B-I and 511

B-II (KD value of 35 nM compared to 430 nM and 512

530 nM, respectively) (Table 1, Fig. 2C, E). Antibody 513

Bmono-C1q also had an ∼10-fold higher affinity to C1q 514

compared to the bispecific antibody B-I (KD value of 515

20 nM compared to 240 nM) (Table 1, Fig. 2D). 516

Binding to neuropathology in patients 517

To determine if the bispecific antibodies were able 518

to recognize NFTs and Lewy bodies, we used them 519

as primary antibodies to stain human brain sections 520

of an AD patient with Lewy bodies. Sections were co- 521

labelled with Methoxy-X04, a Congo Red-derivative 522

recognizing �-sheet–rich structures like amyloid 523

plaques, NFTs, and Lewy bodies [55]. When tau 524

binding sites were examined, sections were additi- 525

onally labelled with an antibody that recognizes tau 526

phosphorylated at the AD-related site serine 214 (pS 527

214). When �Syn binding sites were examined, sec- 528

tions were additionally labelled with an antibody 529

which recognizes �Syn phosphorylated at the 530
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Table 1
Antibody binding characteristics

IgG ID Target Protein KD (nM) R2 χ2

Antibody Amono-tau Tau Tau 35 ± 5 0.9851 0.0206
Antibody Amono-�Syn �Syn �Syn 8.4 ± 2.5 0.8319 0.2273
Antibody A (bispecific) �Syn/tau Tau 50 ± 4.0 0.9934 0.0743
Antibody A (bispecific) �Syn/tau �Syn 2.3 ± 0.67 0.7288 0.0373
Antibody Bmono-tau Tau Tau 35 ± 4.4 0.9792 0.0696
Antibody Bmono-C1q C1q C1q 20 ± 3.8 0.9365 0.0515
Antibody B-I (bispecific) Tau/C1q Tau 430 ± 100 0.9934 0.0246
Antibody B-I (bispecific) Tau/C1q C1q 24 ± 2.8 0.9939 0.0098
Antibody B-II (bispecific) C1q/tau Tau 530 ± 130 0.9886 0.0247
Antibody B-II (bispecific) C1q/tau C1q 280 ± 110 0.9231 0.0251

Fig. 1. Antibody characteristics. A) Antibody A is an anti-�Syn IgG with two additional tau-binding scFv domains fused to the Fc domain.
B) Antibody B-I is anti-tau IgG with two additional C1q-binding scFv domains fused to the Fc domain. C) Antibody B-II is anti-C1q IgG
with two additional tau-binding scFv domains fused to the Fc domain. D) SDS-PAGE showing the molecular weight of Antibody A under
non-reducing conditions in the middle lane and under reducing conditions in the right lane. E) SDS-PAGE showing the molecular weight
of Antibody B-I under non-reducing conditions in the middle lane and under reducing conditions in the right lane. F) SDS-PAGE showing
the molecular weight of Antibody B-II under non-reducing conditions in the middle lane and under reducing conditions in the right lane.
G) ELISA showing binding of Antibody A to recombinant tau. H) ELISA showing binding of Antibody B-I to recombinant tau. I) ELISA
showing binding of Antibody B-II to recombinant tau. J) ELISA showing binding of Antibody A to recombinant �Syn. K) ELISA showing
binding of Antibody B-I to recombinant C1q. L) ELISA showing binding of Antibody B-II to recombinant C1q.
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Fig. 2. Sensograms of different bispecific antibodies binding to respective antigens using streptavidin (SA) sensors on an Octet Red96.
Tau40, C1q, and �Syn were biotinylated and subsequently immobilized to the sensor. Antibodies were applied in a dose-dependent manner
as indicated. A) Antibody A to �Syn. B) Antibody A to Tau40. C) Antibody B-I to C1q. D) Antibody B-I to Tau40. E) Antibody B-II to
C1q. F) Antibody B-II to Tau40.

synucleinopathy-related site serine 129 (pS129). Tri-531

ple-positive structures with typical NFT or Lewy532

body morphology were therefore interpreted as spe-533

cific binding. We examined paraffin embedded mid-534

dle frontal gyrus sections of an AD patient with Lewy535

bodies. The slices contained abundant amyloid pl-536

aque, tau, and �Syn pathology. Antibody A rec-537

ognized NFTs in the patient brain, but not in the538

control brain (Fig. 3A). The same antibody also539

bound Lewy bodies in patient brain, but not in con-540

trol brain (Fig. 3B). NFTs were also detected with541

Antibody B-I (Fig. 3C) and antibody B-II (Fig. 3D).542

Although C1q was reported to be detectable around543

Thioflavin-positive plaques [29], we could not obtain544

a specific signal using this assay that could be reliably545

interpreted (results not shown).546

Inhibition of de novo aggregation of tau547

Since tau is the common target of all three bispe-548

cific antibodies, we focused most of our analysis on549

functional assays related to tau pathology. We used550

a modified version of a previously established cell-551

free aggregation assay (Fig. 4A). Similar assays were552

previously used to test the ability of tau antibodies553

to inhibit aggregation [56–59]. Antibodies were co- 554

incubated with tau protein (2N4R) and heparin was 555

subsequently added to start the aggregation process. 556

�-sheet binding dye thioflavin-T was used to esti- 557

mate the presence of aggregates. Indeed, we observed 558

robust aggregation without anti-tau antibodies, which 559

was absent when tau was omitted (Fig. 4B). The mean 560

values of these conditions were used to determine 0% 561

and 100% aggregation for normalization. The non- 562

normalized fluorescent signal also shows the effect of 563

the antibodies on tau aggregation kinetics over time 564

(Fig. 4C). 565

Antibody Amono-tau, which binds to the distal ami- 566

no-terminus of tau, reduced aggregation of recom- 567

binant tau to a mean value of 73.3% (corrected 568

p ≤ 0.001, 95% confidence intervals 64.7–81.8). Its 569

bispecific counterpart, Antibody A, reduced aggr- 570

egation to 41.2% (corrected p ≤ 0.001, CI 34.2–48.1). 571

Surprisingly, bispecific Antibody A was more effe- 572

ctive at reducing aggregation compared to its mono- 573

specific counterpart (corrected p ≤ 0.001) (Fig. 4B). 574

These results indicate that for bispecific antibodies in 575

this format targeting the amino-terminus, it may be 576

more efficacious to have anti-tau scFvs rather than 577

anti-tau IgG in this assay. 578
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Fig. 3. Histological detection of neurofibrillary tangles (NFTs) and Lewy bodies in patient brain sections. Bispecific antibodies were tested
for their ability to recognize proteinopathy in an AD patient with Lewy bodies. Slides were co-labelled with �-sheet–specific dye Methoxy-04
and tau pS214 or �Syn pS129. A) Antibody A recognized pS214 and Methoxy-X04 positive NFTs in patient tissue. Signal was absent in
control. B) Antibody A recognized pS129 and Methoxy-X04 positive Lewy bodies in patient tissue. Signal was absent in control. C) Antibody
B-I recognized pS214 and Methoxy-X04 positive NFTs in patient tissue. Signal was absent in control. D) Antibody B-II recognized pS214
and Methoxy-X04 positive NFTs in patient tissue. Signal was absent in control.

To test the influence of the bispecific antibody579

format further, we tested both antibody B-I and B-580

II and their monospecific counterpart in the same581

assay (Fig. 4B). The bispecific antibodies behave sim-582

ilar to one another, except that their IgG and scFv583

binding sites are in opposite configuration. The bin-584

ding regions of monospecific antibody B and the bis-585

pecific counterparts recognize a central epitope on586

tau (amino acids 235–246) [44]. Antibody Bmono-tau587

inhibited tau aggregation to only 6.9% (corrected588

p ≤ 0.001, CI 2.6–11.2). Bispecific antibody B-I inhi-589

bited tau aggregation to 2.4% (corrected p ≤ 0.001,590

CI 0.9–4.0). Antibody Bmono-tau inhibited tau aggre-591

gation to 8.0% (corrected p ≤ 0.001, CI 6.8–9.2).592

Antibody B-I was slightly more effective at inhibiting593

tau aggregation compared to Antibody Bmono-tau and594

antibody B-II (both corrected p-values below 0.001).595

Antibody Bmono-tau was more effective than Anti-596

body Amono-tau despite similar affinity to tau (cor-597

rected p ≤ 0.001) (Fig. 2B, Table 1), indicating that598

mid-domain antibodies are more effective at inhi-599

biting recombinant tau aggregation than amino-ter-600

minus antibodies. Surprisingly, Antibody Bmono-tau601

was as effective at inhibiting tau aggregation as the602

positive control antibody 3E8-1A6 (corrected p =603

0.116), which inhibited tau aggregation to only 3.7%604

compared to vehicle control (corrected p ≤ 0.001, 605

CI 2.8–4.6). Antibody 3E8-1A6 binds to one of the 606

two hexapeptides in the repeat domain of tau, which 607

are supposed to be responsible for aggregation [60, 608

61]. This antibody was selected because antibod- 609

ies targeting this domain were previously shown to 610

potently inhibit recombinant tau aggregation in sim- 611

ilar assays [59, 62]. Negative control antibody 2B11, 612

which only recognizes tau phosphorylated at threo- 613

nine 231 (absent on recombinant tau), did not reduce 614

tau aggregation (Fig. 4B) 615

Inhibition of cellular seeding induced by 616

pathological tau from AD brain 617

Cellular uptake of pathological tau from the extra- 618

cellular space can lead to seeded aggregation of 619

physiological tau in vitro. This process can be blocked 620

by pre-incubation of pathological tau with antibod- 621

ies and similar assays have been used previously to 622

identify efficacious tau antibodies [34, 44, 63–65]. 623

We developed a similar assay to test if the bis- 624

pecific antibodies retained their ability to inhibit 625

seeded aggregation induced by AD-derived sarkosyl- 626

insoluble tau (Fig. 4C). Seeding was detected using 627

a sensitive FRET assay as previously described [44]. 628
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Fig. 4. Comparison of mono-and bispecific antibodies in their ability to inhibit tau aggregation and tau seeding. A) Schematic representation
of the recombinant tau-based aggregation assay. B) Comparison of antibodies in recombinant tau-based aggregation assay. Horizontal lines
represent the mean and error bars represent the 95% confidence intervals. Only comparisons between monospecific antibodies and their
bispecific counterparts are highlighted here. Detailed information is described in the corresponding results section. C) Effect of Antibody
A and Antibody B and their bispecific counterparts on tau aggregation kinetics over time. D) Schematic representation of the AD tau-based
cellular seeding assay. E) Comparison of antibodies in recombinant tau-based cellular seeding assay. Horizontal lines represent the mean. No
confidence intervals are shown because the data did not follow a Gaussian distribution. Only comparisons between monospecific antibodies
and their bispecific counterparts are highlighted here. Detailed information is described in the corresponding results section.

After estimating the tau concentration of the insoluble629

fraction of our AD brain extract, we tested a range of630

doses of both AD-Tau and lipofectamine. We deter-631

mined that 2.5 �g AD-Tau with 1 �L lipofectamine632

led to robust seeding without negative effects on cell- 633

viability. In a next step, we tried a range of doses 634

of commercial anti-human tau antibody HT7, which 635

was previously used as a positive control in similar 636
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assays [64–67] (not shown). Based on these results637

and the dosage used in previous publications [44,638

64], we determined 300 nM to be a suitable neutraliz-639

ing concentration and this dose was used for further640

experiments. Several studies have demonstrated that641

complexes of tau and murine antibodies can be taken642

up into mouse neurons via Fc receptors [68, 69], but643

the results of mouse antibodies poorly translate to644

their chimeric counterparts with a human IgG back-645

bone [70]. Since our antibodies are all mouse IgG1646

and our cells are of human origin, we did not assess647

this in our study.648

We next tested the bispecific antibodies and their649

monospecific counterparts in this assay. High vari-650

ability and lack of Gaussian distribution were obs-651

erved in the vehicle control condition but not in most652

antibody conditions, leading us to use a relatively653

strict non-parametric statistical test (see Methods sec-654

tion). Antibody Amono-tau and Antibody A both bind655

to the amino-terminal of tau. Antibodies against this656

domain were previously shown to be not very effec-657

tive at reducing seeding with of sarkosyl insoluble658

AD brain extract [44, 64]. Indeed, antibody Amono-tau659

did not reduce cellular seeding (correct p = 0.901,660

mean value of 46.9%, CI 40.6–53.2). Likewise, Anti-661

body A also did not reduce cellular seeding (corrected662

p ≥ 0.999, mean value of 73.2%, CI 49.4–97.0). No663

difference was observed between Antibody Amono-tau664

and Antibody A in this assay (corrected p ≥ 0.999).665

In contrast, pre-incubation with Antibody Bmono-tau666

neutralized AD-Tau-induced seeding to 8.9% (cor- 667

rected p ≤ 0.001, CI 6.5–11.3) Antibody B-I also 668

inhibited seeding (corrected p ≤ 0.001, mean value 669

of 22.3%, CI 17.9–26.7), as did Antibody B-II (cor- 670

rected p ≤ 0.001, 25.4%, CI 22.2–28.7) (Fig. 5B). 671

No differences were observed between Antibody 672

Bmono-tau and Antibody B-I (corrected p ≥ 0.999) or 673

antibody B-II (corrected p = 0.318). Likewise, no dif- 674

ferences were observed between bispecific antibodies 675

B-I and B-II (corrected p ≥ 0.999). 676

Inhibition of classical complement 677

C1q is the initiating factor of the classical com- 678

plement pathway, which ultimately culminates into 679

the lysis of the cells via formation of the membrane 680

attack complex [23]. Classical complement activation 681

can be initiated after antibodies bind to their targets 682

(e.g., bacteria). C1q then binds to the Fc domain 683

of IgG molecules to trigger the classical comple- 684

ment cascade [71]. The level of classical complement 685

activation can be quantified using the widely used 686

complement hemolysis 50% (CH50) assay [72]. In 687

this assay, IgG-coated red blood cells are incubated 688

with human serum, which contains all complement 689

proteins. By making a plasma dilution curve and 690

examining the resulting hemolysis, this assay can be 691

used to estimate complement activity in the blood. 692

This assay can be modified to test the neutralizing 693

effect of C1q antibodies, which is accomplished by 694

Fig. 5. Comparison of mono- and bispecific antibodies in their ability to inhibit the classical complement pathway. A) Schematic representa-
tion of the modified version of the CH50 assay to measure inhibition of classical complement activation. B) Comparison of antibodies in the
modified CH50 assay. Horizontal lines represent the mean and error bars represent the 95% confidence intervals. Only comparisons between
monospecific antibodies and their bispecific counterparts are highlighted here. Detailed information is described in the corresponding results
section.
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pre-incubation of serum with the experimental anti-695

bodies before application to the red blood cells [30]696

(Fig. 5A).697

We used this assay to compare the complement698

neutralizing effects of Antibody Bmono-C1q, Antibody699

B-I, and Antibody B-II (Fig. 5B). A condition with-700

out serum was used a negative control to estimate701

0% classical complement activation. Serum without702

experimental IgG was used as a positive control to703

estimate 100% classical complement inhibition. We704

used a dose that was previously reported to lead to full705

neutralization of classical complement [30]. Indeed,706

Antibody Bmono-C1q inhibited classical complement707

activity to a mean of 7.2% (corrected p ≤ 0.0001,708

CI 6.0–8.5). As expected, antibody Bmono-Tau which709

does not bind C1q, was completely inactive in this710

assay (corrected p = 0.882; mean value of p = 99.39,711

CI 95.5–103.3). This demonstrates that the observed712

effect could be explained by selective neutralization713

of C1q. Antibody B-I potently neutralized classi-714

cal complement (corrected p ≤ 0.001, mean value of715

6.4%, CI 5.4–7.3), as did Antibody B-II (corrected716

p ≤ 0.001, mean value of 5.9%, CI 4.6–7.3) No dif-717

ferences were observed between antibody Bmono-tau718

and Antibody B-I (corrected p = 0.218) or Antibody719

B-II (corrected p = 0.116). Likewise, no differences720

were observed between Antibody B-I and Antibody721

B-II (corrected p = 0.546).722

DISCUSSION723

This study describes the development and use of724

bispecific antibodies as a new approach to simulta-725

neously target multiple pathological targets. For this726

proof-of-principle study we selected �Syn and C1q727

because tau pathology often co-occurs with Lewy728

body pathology as well as classical complement acti-729

vation. However, this approach can in principle be730

extended to any desired combination of targets. The731

affinities of the antibodies developed here range from732

comparable to one order magnitude lower in compar-733

ison to their monospecific counterparts. It is possible734

that antibodies may deviate slightly from the orig-735

inally described versions because of the different736

IgG backbone and bispecific format. Importantly,737

the bispecific antibodies retained their ability to738

inhibit tau aggregation, cellular tau seeding and clas-739

sical complement-mediated hemolysis. This was not740

dependent on the location of the target binding CDRs741

on the antibody.742

Several other interesting approaches have been 743

described to simultaneously target multiple targets. 744

Vaccines that in parallel target A� plus tau [73], �Syn 745

[74], or complement protein C5a [75] showed effi- 746

cacy in transgenic animals. Although this is a highly 747

promising approach, it remains to be determined to 748

what extent vaccines are a suitable tool for treating 749

neurodegenerative disorders. The main limitation is 750

the lack of control over antibody titers, which may 751

be particularly problematic in the context of aging 752

[76]. In contrast to monoclonal antibodies, it is not 753

clear that all antibodies raised naturally by the vac- 754

cine will have acceptable affinity and therapeutic 755

efficacy. Furthermore, it is not possible to change the 756

effector function of the resulting antibodies, possibly 757

leading to undesirable and even irreversible neuroin- 758

flammation [77]. Finally, it is unclear to what extent 759

monoclonal antibodies enter the brain parenchyma. 760

These limitations led to the rise of engineered mon- 761

oclonal antibodies with blood-brain barrier shuttles 762

[39, 40], which is not possible with naturally pro- 763

duced antibodies in response to a vaccine. Bispecific 764

antibodies, like the ones used in this study, can be 765

engineered to be effector-neutral and have increased 766

brain uptake. 767

Several studies described antibodies that bind to 768

the �-sheet–rich structures, of which NPT008 is 769

currently undergoing clinical trials [78–82]. This is 770

a fascinating approach with the potential to simu- 771

ltaneously target multiple amyloidic proteins. It is, 772

however, still an open question whether conforma- 773

tion-selective antibodies bind the full range of pot- 774

ential pathogenic states of molecules: misfolded 775

monomers, soluble oligomers, protofibrils, and fib- 776

rils. In addition, this would only work as a combi- 777

nation therapy against aggregated proteins. With the 778

advent of promising neuroinflammation-related tar- 779

gets for the treatment of neurodegenerative disorders, 780

this might pose a potential limitation [23, 83]. How- 781

ever, since these antibodies can also be developed in 782

bispecific formats, this opens the door to developing 783

antibodies that can bind to multiple aggregated pro- 784

teins with one binding site and neuroinflammation- 785

related target with another. 786

Recent studies also describe the functional charac- 787

terization of a small molecule that can simultaneously 788

target monomeric tau and �Syn or peptides that bind 789

both tau and A� [84, 85]. In addition, an oligomer- 790

specific small molecule anle138b reduces both �Syn 791

and tau aggregation in vitro and reduces both �Syn 792

and tau pathology in mouse models [86–90]. The 793

major advantage of small molecules compared to 794
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monoclonal antibodies is the low cost. However,795

in contrast to the high specificity of therapeutic796

monoclonal antibodies, it is unclear to what extent797

bispecific small molecules have low off-target bind-798

ing. Furthermore, this approach is mostly likely not799

feasible for any combination of targets. In contrast,800

the modular nature of bispecific antibodies makes it801

easy to construct them against a wide range of target802

combinations.803

Limitations804

The main limitation of this study is that we focused805

only on a single bispecific antibody format. It is806

therefore unclear how these results translate to other807

multispecific antibody formats. Furthermore, Anti-808

body B-I and B-II had approximately one order of809

magnitude lower affinity to tau. This suggests that810

further optimization of these bispecific antibodies is811

required to retain the affinity of the monospecific812

parent antibodies.813

CONCLUSION814

In conclusion, we present a previously uncharac-815

terized approach to simultaneously target multiple816

targets involved in pathological processes in neu-817

rodegeneration. The concept of this type of bispecific818

antibody expands the toolkit with treatment options819

for neurodegenerative disorders. Importantly, when820

only one of the two targets is present, the bispecific821

antibody will function just like a regular monospecific822

antibody. This demonstrates that the additional bind-823

ing capacity does not come at the cost of decreased824

overall antibody functionality compared to the origi-825

nal antibody. A wide range of multispecific antibody826

formats have been described in the literature, which827

may each have their unique strengths when targeting828

different neurodegeneration-related targets [91]. Bis-829

pecific antibodies are therefore a promising approach830

and could be explored against a wide range of target831

combinations to obtain potential synergistic effects.832
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de Diego-Garcı́a L, Kobolák J, Dinnyés A, Dı́az-Hernández 1263

M (2020) The role of P2X7 receptor in Alzheimer’s disease. 1264

Front Mol Neurosci 13, 94. 1265

[84] Gabr MT, Peccati F (2020) Dual Targeting of Monomeric tau 1266

and alpha-synuclein aggregation: A new multitarget thera- 1267

peutic strategy for neurodegeneration. ACS Chem Neurosci 1268

11, 2051-2057. 1269

[85] Griner SL, Seidler P, Bowler J, Murray KA, Yang TP, Sahay 1270

S, Sawaya MR, Cascio D, Rodriguez JA, Philipp S, Sosna J, 1271

Glabe CG, Gonen T, Eisenberg DS (2019) Structure-based 1272

inhibitors of amyloid beta core suggest a common interface 1273

with tau. Elife 8, e46924. 1274

[86] Dominguez-Meijide A, Vasili E, König A, Cima-Omori 1275
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