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1. ABSTRACT

Single-domain antibodies, also known as nanobodies, are broadly important for studying the structure
and conformational states of several classes of proteins, including membrane proteins, enzymes, and
amyloidogenic proteins. Conformational nanobodies specific for aggregated conformations of
amyloidogenic proteins are particularly needed to better target and study aggregates associated with a
growing class of associated diseases, especially neurodegenerative disorders such as Alzheimer’s and
Parkinson’s diseases. However, there are few reported nanobodies with both conformational and sequence
specificity for amyloid aggregates, especially for large and complex proteins such as the tau protein
associated with Alzheimer’s disease, due to difficulties in selecting nanobodies that bind to complex
aggregated proteins. Here, we report the selection of conformational nanobodies that selectively recognize
aggregated (fibrillar) tau relative to soluble (monomeric) tau. Notably, we demonstrate that these
nanobodies can be directly isolated from immune libraries using quantitative flow cytometric sorting of
yeast-displayed libraries against tau aggregates conjugated to quantum dots, and this process eliminates the
need for secondary nanobody screening. The isolated nanobodies demonstrate conformational specificity
for tau aggregates in brain samples from both transgenic tau mouse models and human tauopathies. We
expect that our facile approach will be broadly useful for isolating conformational nanobodies against

diverse amyloid aggregates and other complex antigens.

2. INTRODUCTION

The smallest antibody fragments which retain the ability to bind antigens are single-domain antibodies,
often termed nanobodies (1,2). These fragments represent the variable region of heavy chain antibodies
produced by camelids (2). Nanobodies have generated much interest given their many desirable properties,
including their potential to recognize conformational epitopes due to their unique binding sites, which are
frequently convex in nature. Antibody- and nanobody-based discrimination between different

conformations of the same protein has broad impacts ranging from structural biology studies to the
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development of therapies for diseases associated with protein conformational changes. For instance,
nanobodies have frequently been generated to selectively recognize specific conformational states of
various membrane proteins, such as G-protein coupled receptors (GPCRs) (3—12) as well as transport and
channel proteins (13—16), stabilizing such proteins in particular states of activation or membrane orientation
and allowing for elucidation of their structures and mechanisms. Nanobodies have also been generated to
stabilize enzymes in various conformations to study their structural changes and better understand their
mechanisms and overall functions (17-19). Furthermore, a limited number of nanobodies have also been

developed to recognize conformational states of various proteins that undergo aggregation (20-22).

However, the potential of nanobodies to target aggregated antigens is relatively unexplored due to
challenges involved in working with these complex, often insoluble antigens. In particular, the aggregation
of amyloidogenic proteins represents a highly active area of research, and the development of nanobodies
in this area has the potential to impact the understanding of a number of diseases associated with protein
aggregation, especially neurodegenerative diseases such as Alzheimer’s and Parkinson’s diseases that are
rapidly growing in prevalence (23,24). Surprisingly few nanobodies have been generated with both
conformational and sequence specificity for amyloidogenic aggregates (20-22), and only one has been

reported for a complex amyloidogenic protein (a-synuclein, 140 amino acids) (20).

There is broad interest in developing conformational nanobodies against other complex amyloidogenic
proteins, including tau, a large protein (441 amino acids for the longest isoform) associated with
Alzheimer’s disease. However, to date no tau nanobodies have been reported with both conformational and
sequence specificity, and only a few tau nanobodies have been reported that are sequence-specific (25-27)
or phospho-specific (28). The paucity of tau conformational nanobodies can be largely explained by the
limitations of the methods used previously to generate them. The majority of previously reported
nanobodies specific for amyloidogenic peptides and proteins have been isolated using either immunization
followed by preparation and panning of phage libraries (22,29,30) or direct panning of synthetic phage

libraries (21,25,26,31). However, it is difficult to use either method, without extensive secondary screening,
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82  to routinely isolate nanobodies specific for amyloid aggregates with a combination of three desirable
83  binding properties: i) high sequence specificity (i.e., strong preference for tau aggregates relative to non-
84  tau aggregates); ii) high conformational specificity (i.e., strong preference for aggregates relative to

85  monomeric protein); and iii) low off-target binding (i.e., low binding to non-tau proteins).

86 In this work, we have sought to address these challenges associated with generating nanobodies with
87  both conformational and sequence specificity for amyloid aggregates formed by large and complex
88  proteins. We reasoned that many of the previous challenges could be addressed using quantitative flow
89  cytometric sorting of yeast-displayed libraries to enable direct selection of nanobodies that bind selectively
90 to tau fibrils. Herein, we report the identification of tau conformational nanobodies from immune libraries
91  with desirable combinations of binding and biophysical properties without the need for secondary screening
92  to identify conformational nanobodies. Moreover, we demonstrate that these nanobodies are specific for

93  pathological tau aggregates formed in both a transgenic mouse model (P301S) and human tauopathies.
94 3. RESULTS
95 3.1 Isolation of tau conformational nanobodies from llama immunization

96 To generate tau conformational nanobodies, we first immunized a llama with tau fibrils (see Methods
97  for details), and after we observed an increase in tau binding signal via serum testing (Fig. S1), we isolated
98  bulk lymphocytes and generated an immune nanobody library in a standard yeast display format (Fig. 1).
99  We observed that immunization with fibrils formed from a truncation of full-length tau (dGAE fibrils) led
100  to an increase in antibody binding observed in the serum to both this fragment of tau and full-length tau
101  fibrils (HT4O0 fibrils). We therefore chose to perform subsequent sorting using HT40 tau fibrils with the
102 goal of detecting conformational binding to full-length tau fibrils, which are found in vivo.
103 The nanobody library was first sorted twice against HT40 fibrils using magnetic-activated cell sorting
104  (MACS), and modest enrichment in the percentage of cells collected was observed between the first
105  (0.02%) and second (0.06%) sorts. The enriched library was then further sorted twice for binding to tau

106  fibrils using fluorescence-activated cell sorting (FACS). In these sorts, tau fibrils were captured on the
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107  surface of fluorescent quantum dots (QD) using a sequence-specific tau antibody (Tau-5) (32). Yeast cells
108  that both displayed nanobodies (as detected using Myc-tag detection) and bound to antigen (as detected
109  using QD fluorescence signal) were collected. In the third sort (FACS sort #1), a modest population of cells
110  was collected that displayed antigen-binding signal (~0.5%). In the fourth sort (FACS sort #2), strong
111 enrichment for antigen-binding signal was observed, and a population of cells was collected that displayed
112 antigen-binding signal in direct proportion to nanobody expression level. Finally, because we desired
113 nanobodies that bind tau aggregates with conformational specificity, the binding of the enriched library to
114  tau monomer was examined. The library displayed a minimal level of binding to tau monomer, and no
115  further sorting was needed to reduce the level of tau monomer binding. Nanobodies were then Sanger
116  sequenced from the fourth sort and selected for analysis. Three related nanobody sequences were observed,

117  namely WA2.22, WA2.21, and WA2.7 (Fig. S2).

118 The three nanobodies were cloned as Fc-fusion proteins, expressed, and analyzed. They expressed at
119  intermediate levels in HEK293-6E cells, with purification yields of 11-16 mg/L. The proteins displayed
120 relatively high purity, as judged by both SDS-PAGE (Fig. S3) and size-exclusion chromatography (Fig.
121 S4). Moreover, the affinities of the three selected nanobody Fc-fusion proteins were analyzed using a flow-
122 cytometry based assay (33,34). Notably, all three bound tau aggregates (Fig. 2A), demonstrating that
123 secondary screening was unnecessary to identify antigen-specific nanobodies. WA2.22 displayed the
124 highest affinity of the three as a nanobody-Fc fusion protein (ECso of 10.1£1.5 nM), which was
125  approximately an order-of-magnitude higher than the two control mAbs (Tau-5 and zagotenemab; Fig. S5)
126  generated using mouse immunization. The affinity of WA2.22 was also analyzed as a monovalent nanobody
127  compared to its bivalent Fc-fusion counterpart, which revealed greater than an order-of-magnitude
128  reduction in affinity as a monovalent nanobody (Fig. S6). This suggests that avidity is key to mediating the

129  binding affinity of the bivalent nanobody Fc-fusion protein.

130
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131 The conformational specificity of the selected nanobodies was also examined, which was done by
132 preincubating nanobody Fc-fusion proteins or control antibodies at a fixed concentration (10 nM) with
133 various concentrations of tau monomer (0.1-1000 nM) before allowing them to bind immobilized tau fibrils.
134 For comparison, a clinical-stage tau conformational antibody (zagotenemab) and a sequence-specific
135  antibody (Tau-5) were included in this analysis. Tau-5 displays reduced binding to tau fibrils when the
136 monomer concentration is in excess of the antibody concentration (Fig. 2B). At a 100-fold excess tau
137  monomer concentration, Tau-5 retains only ~2% of its binding to tau fibrils, and at a 10-fold excess
138  monomer concentration, it retains only ~19% of its binding. In contrast, a clinical-stage conformational
139  antibody (zagotenemab) retains ~87% of its binding at 100-fold excess tau monomer and maintains the
140  entirety of its binding at all other monomer concentrations. Encouraging, the nanobody Fc-fusion proteins
141  display conformational specificity for tau aggregates, as they retain 43-56% of their binding in the presence
142 of 100-fold excess tau monomer and 86-91% of their binding in the presence of 10-fold excess tau
143 monomer. These results demonstrate that the selected nanobodies recognize tau aggregates assembled from

144 recombinant protein with conformational specificity.
145 3.2 Nanobody Fc-fusions recognize tau aggregates in mouse and human brain samples

146 After confirming the binding and conformational specificity of our selected nanobodies for recombinant
147  tau fibrils, we next asked whether these nanobody Fc-fusion proteins selectively recognized tau aggregates
148  formed in vivo in both a transgenic mouse model and human tauopathies. We began by analyzing their
149  ability to recognize tau aggregates present in a transgenic P301S tau mouse model in comparison to wild-
150  type (age-matched control) mice (Fig. 3). We evaluated the ability of two of our selected nanobody Fc-
151  fusion proteins (WA2.21 and WA2.22), zagotenemab, and Tau-5 to recognize homogenized samples
152 isolated from 11-month-old P301S transgenic or wild-type mice. As expected for a non-conformational
153  antibody, Tau-5 binds to samples isolated from both P301S and wild-type mice. In contrast, our selected

154  nanobodies and zagotenemab bind primarily to transgenic P301S samples.


https://doi.org/10.1101/2023.05.13.540640

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.13.540640; this version posted May 14, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

155 Encouraged by these results, we next examined the ability of our highest affinity nanobody (WA2.22)
156  to detect tau aggregates in mouse brain sections using immunostaining (Fig. 4). We stained both tissue
157  sections from aged P301S transgenic mice and wild-type controls. For reference, we also stained these
158  samples with a phospho-tau antibody (ATS) that recognizes tau aggregates in immunofluorescent staining
159  (35). Importantly, we observed that WA2.22 Fc-fusion protein specifically stains transgenic tissue samples.
160  Moreover, the WA2.22 staining co-localizes with ATS8 staining, indicating that they stain similar tau
161  aggregates in the transgenic mouse brain samples. Overall, our results indicate that WA2.22 displays

162  conformational specificity for tau aggregates formed in the mouse brain.

163 We also examined the ability of WA2.22 to stain tau aggregates in human tissue samples isolated from
164  tauopathies in comparison to human tissue samples from subjects without cognitive impairment (Fig. 5).
165  Encouragingly, we observed strong staining of WA2.22 Fc-fusion protein in tissue samples from both
166  Alzheimer’s disease (AD) and progressive supranuclear palsy (PSP). Moreover, this staining strongly co-
167  localized with the staining for ATS8, and minimal signal was observed for either of these antibodies in

168  control brains.

169 To complement the immunofluorescence staining, we also performed immunohistochemical staining
170  of human brain tissue samples from Alzheimer’s disease using WA2.22 and zagotenemab (Fig. 6). We
171  observed strong staining of tau aggregates by both WA2.22 Fc-fusion protein and zagotenemab. Further,
172 we performed this analysis using adjacent brain sections for each of the two antibodies. We observe similar
173  aggregate staining by both WA2.22 and zagotenemab in multiple locations throughout the analyzed brain
174 sections. This result agrees with our observation of similar recognition of tau aggregates by WA2.22 and
175  zagotenemab in mouse immunoblots (Fig. 3). Overall, our results demonstrate that WA2.22 shows strong

176  conformational recognition of tau aggregates formed in human tauopathies by multiple methods.
177 3.3 Nanobodies display drug-like biophysical properties

178 To be highly useful in in vivo applications, such as diagnostic or therapeutic agents, nanobodies and

179  antibodies more generally need to possess a combination of favorable biophysical properties, such as low
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180  non-specific binding (high specificity) and high stability, in addition to high affinity for their target antigen.
181  Therefore, we examined the biophysical properties of our nanobody Fc-fusion proteins by first evaluating
182  their non-specific binding to a polyspecificity reagent (Figs. 7A and S7). We used a polyspecificity reagent,
183  namely soluble membrane proteins, prepared from the lysate of CHO cells (36). Interestingly, approved
184  antibody drugs typically show lower levels of non-specific binding to this polyspecificity reagent than
185  antibodies that are currently in clinical trials or that have failed in clinical trials (37). Notably, the tau
186  nanobody Fc-fusion proteins demonstrate low non-specific binding and comparable levels to a highly
187  specific clinical-stage antibody (elotuzumab). In contrast, zagotenemab, a conformational tau antibody
188  originally generated via immunization (38), showed much higher non-specific binding than the nanobody
189  Fc fusions and even higher levels than those for a clinical-stage antibody with previously reported high
190  levels of non-specific binding (emibetuzumab) (37,39,40). For comparison, we also analyzed Tau-5,
191  another antibody generated using immunization and found it also displays higher levels of non-specific
192 binding than the nanobodies. These results indicate that our nanobodies show low non-specific binding in

193 comparison to both clinical-stage controls and other tau antibodies.

194 Finally, antibody stability is another key biophysical property of nanobodies and antibodies. Therefore,
195  we analyzed the melting temperature (7,,) of the nanobody Fc-fusion proteins relative to conventional tau
196  antibodies (Fig. 7B). Encouragingly, the nanobodies displayed melting temperatures of >65 °C (~66.8-67.4
197  °C), which is a useful metric for identifying stable nanobodies (41,42). As expected, Tau-5 (7,, of 80.3 £
198  0.6°C) and zagotenemab (7,, of 69.5 + 0.3°C) showed higher stability due to the presence of stabilizing
199  constant regions in these antibodies (Cul and Ci), which are absent in nanobody Fc-fusion proteins.
200  Overall, these findings demonstrate that the tau conformational nanobodies in this work also have

201  biophysical properties that are similar or better than those for clinical-stage antibodies.
202 4. DISCUSSION

203 We have demonstrated that tau conformational nanobodies can be readily isolated, without the need for

204  any secondary screening, following llama immunization using a quantitative library sorting approach. The
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205  approach reported in this study has enabled the isolation of three nanobodies with related sequences (Fig.
206  S2). These nanobodies share the same sequences of their CDR regions, but we observe overall differences
207  in the binding properties and characteristics of the isolated nanobodies resulting from differences in their
208  framework sequences. The majority of previous nanobodies generated via immunization have been selected
209  using phage display (6,9,12,13,29,30), while few such immune libraries have been screened using yeast
210  surface display (7,43,44). The application of yeast surface display to nanobody selection has been
211  previously reported to result in a range of affinities for the isolated nanobodies depending on the library
212 source (e.g., non-immune or immune) and sorting strategy (e.g., MAC-based or FACS-based), spanning
213 sub-nanomolar affinities (44)to low nanomolar (43) to affinities >100 nM(7). Interestingly, the binding of
214 the nanobodies in this study appears to be heavily influenced by the valency in which they are tested. While
215  we have mainly examined the binding characteristics of nanobody Fc-fusion proteins in this study, testing
216  of WA2.22 in a monovalent format indicates that the apparent affinity of this monovalent nanobody is
217  greatly reduced compared to WA2.22 Fc-fusion protein (Fig. S6). This finding likely indicates that avidity,
218  resulting from both the bivalency of the Fc fusion format and polyvalency of the aggregated tau antigen,

219  plays arole in the interaction between these binding domains and tau aggregates.

220 Our unique methods for screening yeast-displayed libraries following immunization using FACS
221  enables predictable isolation of nanobodies with a combination of desirable binding properties, including
222 sequence and conformational specificity for tau aggregates. Our sorting process required only four total
223 rounds of enrichment to directly isolate nanobodies with the desired properties. This report builds on our
224 previous findings that QD immunoconjugates can be used to immobilize insoluble amyloid aggregates,
225  which can then be used for library sorting in a similar manner as soluble antigens are used in conventional
226  FACS sorting (32). Here, we further demonstrate the broad utility of this method and how it can be used
227  for enriching an immune library in a surprisingly simple and predictable manner for directly isolating tau

228 conformational nanobodies.
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229 The nanobodies reported in this study should be considered in the context of similar antibodies and
230  related nanobodies that have previously been reported. The vast majority of tau conformational antibodies
231  reported up to this point have been conventional IgGs (45-49). These antibodies have been critical to
232 studying differences in tau fibril morphology present in different tauopathies (45), understanding the
233 progression of tau aggregation (46,47), and testing the effects of targeting tau aggregates in in vivo models
234 of neurological disease (48-50). Similar to our findings, these antibodies have been reported to selectively
235  recognize aggregates in mouse and human tissues (45-50). Our findings that our nanobody Fc-fusion
236  proteins demonstrate conformational specificity for recombinant fibrils (Fig. 2), aggregates formed in
237  P301S transgenic mouse tissue (Figs. 3 and 4), and aggregates present in Alzheimer’s disease (Figs. 5 and
238  6) and progressive supranuclear palsy (Fig. 5) tissue samples indicate that our nanobodies have potential

239  for further evaluation and study of tau aggregates in neurodegenerative models.

240 More recently, nanobodies that target various forms of the tau protein have been reported in addition
241  to conventional IgGs, including nanobodies targeting phospho-tau (28) and tau monomer (25-27).
242 However, to the best of our knowledge, our tau nanobodies are the first reported conformational nanobodies
243 that recognize tau aggregates. The only previously reported conformational nanobody specific for complex
244 protein aggregates is one specific for a-synuclein (20), which is considerably smaller than tau (140 amino
245  acids for a-synuclein versus 441 amino acids for the longest isoform of tau). The other conformational

246  nanobodies reported previously typically recognize less complex peptide aggregates, such as those

247  composed of AB (21,22,31).

248 Overall, the nanobody Fc-fusion proteins reported in this study have a combination of favorable
249  binding and biophysical properties. It has previously been reported that nanobodies, and antibodies more
250  generally, display trade-offs between interconnected properties, such as affinity, stability, and specificity
251  (51). Encouragingly, the nanobodies generated in this study show a favorable combination of sequence
252 specificity, conformational specificity, and high stability. It is particularly interesting that the nanobody Fc-

253  fusion proteins demonstrate low non-specific binding relative to tau antibodies generated by traditional

10
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254  immunization methods. Tau-5 was isolated following mouse immunization, and zagotenemab is the
255  humanized form of MC1, which was also generated via mouse immunization (38). While these antibodies
256  have high affinity for tau (Fig. S5), they suffer from limitations in moderate to high off-target binding. This
257  isalso notable given that other well-known amyloid-specific antibodies that were evaluated in clinical trials,
258  such as gantenerumab and aducanumab, also display high levels of non-specific binding (34,37), revealing
259  that such antibodies have an increased risk for non-specific binding. In the future, it would be simple to
260  incorporate negative flow cytometric selections for a lack of binding to polyspecificity reagents, which
261  could be used for further ensure selection of conformational nanobodies and antibodies with low levels of

262  non-specific binding.
263 5. CONCLUSIONS

264 We have reported tau conformational nanobodies with a combination of favorable binding and
265  biophysical properties without the need for any secondary screening. The characteristics of the tau
266  nanobodies suggest several potential future opportunities. First, while the nanobody Fc-fusion proteins
267  reported here display affinities in the 10-50 nM range, it would be straightforward to further enhance their
268  affinity using standard mutagenesis methods and our quantitative flow cytometric methods (42,52-55).
269  Additionally, the ability of the tau conformational nanobodies to strongly and specifically recognize tau
270  aggregates in mouse and human brain samples motivates their evaluation in biological assays or in vivo
271  applications. Some advantages of evaluating nanobodies in such applications include their small size and
272 modular nature, which has previously been reported to readily enable the incorporation of nanobodies into
273  various multivalent and bispecific formats (41,56-59). Multivalent or bispecific nanobodies have many
274  applications associated with neurodegenerative diseases. An attractive future direction would be to test
275  these nanobodies in bispecific antibody shuttles that cross the blood-brain barrier to examine their antigen
276  binding within the brain after intravenous administration. These and other potential applications of the
277  conformational nanobodies, which we expect can be readily generated using the methods reported here, are

278  expected to accelerate the study, detection, and potentially treatment of diverse neurodegenerative diseases.

11
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279
280 6. MATERIALS AND METHODS
281 6.1 Llama immunization and immune library generation

282 The immunization protocol was performed under contract by Triple J Farms (Bellingham, WA) and
283  was approved by Triple J Farms Institutional Animal Care and Use Committee (IACUC). An adult male
284  llama named Walkabout was immunized with dGAE fibrils (StressMarq Biosciences, SPR-461).
285  Walkabout received four injections of 200 pg of sonicated dGAE fibrils at 3-week intervals. A serum
286  sample was collected following the fourth injection, and the presence of antibodies which bind to
287  immobilized HT40 and dGAE fibrils and monomer analyzed by flow cytometry. Briefly, DynaBeads M-
288 280 tosylactivated (Fisher, 14203) conjugated with fibrils, monomer, or unconjugated (background) were
289  blocked with 10 mM glycine for 1 h and then washed once with 1x PBS plus 0.1% BSA (PBSB). The beads
290  were then incubated with 10-fold dilutions of serum collected either before the first injection (pre-bleed) or
291  after the fourth boost (test bleed 1). The incubation was performed at room temperature for approximately
292 3 h with mild agitation. Following the serum incubation, the beads were washed once with ice cold PBSB
293  and incubated with a 1:300 dilution of goat anti-alpaca IgG H+L (also reactive for llama antibodies) Alexa
294 Fluor 647 (Jackson ImmunoResearch, 128-605-160) on ice for 4 min. The beads were then washed once
295  withice cold PBSB, resuspended in PBSB, and analyzed by flow cytometry using a BioRad ZE5. The mean
296  fluorescence signals were recorded, and values reported are normalized to the mean signal obtained from
297  corresponding beads incubated without serum but with secondary antibody incubation. Following initial
298  serum analysis, two additional boosts of 200 pg of sonicated dGAE fibrils were performed at 3-week
299  intervals, serum was collected, and the presence of antibodies which bind to HT40 and dGAE fibrils and
300  monomer was analyzed by flow cytometry in the same manner as previously described (pre-bleed and test
301  bleed 2). Blood was collected and bulk lymphocytes were isolated by gradient centrifugation using

302  Lymphoprep (Fisher, NC0418243). Lymphocytes were then frozen and stored at -80 °C for future use.

12
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303 Lymphocytes were thawed, and RNA was extracted using a Macherey-Nagel NucleoSpin RNA kit
304  (Fisher, NC9581114) according to the manufacturer’s protocol. Reverse transcription was then performed
305  using Superscript III reverse transcriptase (Fisher, 18-080-044) and random primers (Fisher, 10-777-019)
306  to generate cDNA. A first PCR was then performed using primers which anneal to the antibody leader
307  sequence and Cy2 domain (60). The PCR product was purified using a 2% agarose (Fisher, BP160-500)
308  gel, and VyH sequences (band corresponding to ~ 600 bp) were separated from VH sequences (band
309  corresponding to ~900 bp). VuH DNA was further amplified using primers that bind FR1 and FR4 or the
310  long and short hinge of heavy-chain antibodies (61-63). A final PCR was performed to introduce overlap
311  with a modified version of the pPCTCON?2 yeast-surface display plasmid for homologous recombination. A
312 yeast-surface display library was prepared as previously described (33,54,64). Approximately 7.2 x 107

313  transformants were obtained.
314 6.2 Material preparation

315 HT40 beads were prepared by sonicating 100 ug HT40 fibrils (StressMarq Biosciences, SPR-329) for
316 5 min (30 s on, 30 s off) in 500 uL of 20 mM HEPES. 8 x 107 DynaBeads M-280 tosylactivated (Fisher,
317  14203) were washed twice with 1 mL of 20 mM HEPES. Washed beads were then mixed with 100 pg
318  sonicated HT4O0 fibrils and allowed to incubate with end-over-end mixing for 2-3 d in a total volume of 1
319 mL 20 mM HEPES. Beads were stored at 4 °C until use.

320 dGAE beads were prepared by sonicating 100 ug dGAE fibrils (StressMarq Biosciences, SPR-461) for
321  5-10 min (30 s on, 30 s off) in 500 pL of 20 mM HEPES. 8 x 10" DynaBeads M-280 tosylactivated (Fisher,
322 14203) were washed twice with 1 mL of 20 mM HEPES. Washed beads were then mixed with 100 pg
323  sonicated dGAE fibrils and allowed to incubate with end-over-end mixing for 2-3 d in a total volume of 1
324  mL 20 mM HEPES. Beads were stored at 4 °C until use.

325 Quantum dot (QD)-capture antibody conjugates were prepared as previously described (32). A Site-

326  click Qdot 655 antibody labeling kit (Invitrogen, S10453) was used to conjugate 125 pg of Tau-5 to
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327  dibenzocyclooctyne (DIBO) modified QDs. Conjugation was performed according to the manufacturer’s

328  protocol, and QD-Tau-5 conjugates were stored at 4 °C until use.
329 6.3 Library sorting to identify tau nanobodies

330 Yeast cells displaying nanobodies were first enriched for nanobodies which bind to HT40 (full-length
331 tau) fibrils using two rounds of MACS. In the first MACS selection, 1 x 10° yeast cells were washed twice
332 with PBSB. 1x107 HT40 fibril-coated tosyl beads were blocked twice with 10 mM glycine and washed once
333  with PBSB. Yeast cells were then mixed with prepared HT40 fibril-coated beads in a total volume of 5 mL
334  PBSB with 1% milk. Yeast cells were incubated with HT40 fibril-coated beads for ~3 h at room temperature
335  with end-over-end mixing. Following this incubation, mixture was placed on a DynaMag-15 magnet
336  (Invitrogen, 12301D), and beads and bound cells were washed once with 10 mL ice-cold PBSB. Yeast
337  bound to HT40 fibril-coated beads were then transferred to a flask containing 50 mL SDCAA and allowed
338  to grow at 30 °C for 2 d. Dilutions of the culture were plated immediately after performing MACS to
339  estimate the number of cells collected. The second MACS selection was performed similarly except that 1

340  x 107 yeast cells were used, and the final incubation volume was 1 mL.

341 The third and fourth sorts were performed using FACS as previously described (32). In sort 3, 5 ug of
342 HT40 fibrils were sonicated for 5 min (30 s on, 30 s off), mixed with 5 uL QD-Tau5 conjugates, and
343 incubated with end-over-end mixing for 2 h. 1 x 107 yeast cells were washed twice with PBSB. Yeast cells
344  were combined with QD-fibril complexes in a total volume of 200 puL with 1% milk and 1:1000 mouse
345  anti-Myc antibody (Cell Signaling, 2276S) and allowed to incubate with end-over-end mixing at room
346  temperature for approximately 3 h. Following this primary incubation, yeast cells were washed with ice-
347  cold PBSB, incubated with 1:200 goat anti-mouse Alexa Fluor 488 (Invitrogen, A11001) and 1:1000
348  streptavidin Alexa Fluor (Invitrogen, S32357) on ice for 4 min, and washed with ice-cold PBSB.
349  Immediately prior to sorting, cells were resuspended in ice-cold PBSB. Sorting was performed on a

350  Beckman Coulter MoFlo Astrios sorter. Sort 4 was performed in the same manner as sort 3 except that QD-
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351  fibril complexes were prepared by sonicating 1.67 pg of HT40 fibrils and mixing with 1.67 pL QD-Tau5

352 conjugates.

353 Finally, the enriched library was examined for binding affinity toward HT40 monomer. 1x107 yeast
354 cells were washed twice with PBSB and incubated with 10 nM recombinant His-tagged HT40 monomer.
355  Incubation was performed in a final volume of 1 mL with end-over-end mixing at room temperature for
356  approximately 3 h. Following primary incubation, yeast cells were washed once with ice-cold PBSB. Yeast
357  cells were incubated with 1:1000 dilution of mouse anti-Myc antibody and 1:1000 dilution of chicken anti-
358  His (Invitrogen, PA1-9531) antibodies on ice for 20 min. The cells were then washed once with ice-cold
359  PBSB, incubated on ice with a 1:200 dilution of goat anti-mouse AlexaFluor 488 and a 1:1000 dilution of
360  donkey anti-chicken IgY F(ab)’, Alexa Fluor 647 (Jackson ImmunoResearch, 703-606-155) on ice for 4

361  min, and washed once more with ice-cold PBSB.
362 6.4 Nanobody cloning and expression

363 Plasmids of enriched nanobodies were isolated from the terminal round of sorting using a yeast
364  miniprep kit (Zymo, D2004). For nanobody Fc fusions, nanobody sequences were amplified by PCR,
365  digested using Nhel-HF (New England Biolabs, R3131L) and HindIII-HF (New England Biolabs, R3104S)
366  restriction enzymes, and ligated (New England Biolabs, M0202L) into a nanobody Fc fusion (human IgG1
367 Fc) mammalian expression plasmid (pTT5). For monovalent WA2.22, the nanobody sequence was
368  amplified by PCR to include a C-terminal 6x His-tag, digested using Nhel-HF and BamHI (New England
369  Biolabs, R31368S) restriction enzymes, and ligated into a mammalian expression plasmid (pTT5). Ligations
370  were transformed into chemically competent DH5a E. coli cells. Cells were then plated on LB plates with
371  ampicillin (100 pg/mL) selection marker and grown overnight at 37 °C. Individual colonies were then
372  picked and grown in LB media supplemented with ampicillin (100 pg/mL) overnight at 37 °C. Plasmids
373  were isolated using a bacterial miniprep kit (Qiagen, 27106). Nanobody sequences were determined by

374  Sanger sequencing.
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375 Nanobody Fc fusion proteins were expressed in HEK293-6E cells (National Research Council of
376  Canada) via transient transfection. Monoclonal antibodies used in this study were all expressed with human
377  1gGl Fc and using the same expression and purification techniques as for the nanobody Fc-fusion proteins.
378  Cell culture was carried using in F17 media (Invitrogen, A13835) supplemented with 0.1% kolliphor
379  (Sigma-Aldrich, SLCL6020). Transfection was performed as previously described (65,66). Either 15 pg of
380  nanobody Fc plasmid or 1.5 pg of nanobody Fc plasmid and 13.5 pg of ssDNA (Sigma, D7656) were
381  combined with 45 ug PEI (Fisher Scientific, NC1038561) in 3 mL of F17 media, vortexed, allowed to
382  incubate for 15 min, and added to cells. Approximately 24 h after transfection, protein expression was
383  enhanced through the addition of 750 uL of 20% Yeastolate (Gibco, 292804). Cells were cultured for an
384  additional 4-5 d and then harvested by centrifuging at 3500 xg for 40 min. For purification, approximately
385 300 uL of Protein A agarose beads (Thermo Scientific, 20334) was added to the supernatant and incubated
386  overnight at 4 °C with mild agitation. The beads were recovered in a filter column (Fisher, 89898) and
387  washed with 1x PBS. Proteins were eluted from Protein A beads by incubating with 0.1 M glycine (pH 3)

388  and buffer exchanged into acetate buffer. Proteins were filtered, aliquoted, and stored at -80 °C until use.

389 Monovalent WA2.22 was expressed in HEK293-6E cells via transient transfection as described above.
390  For purification, approximately 300 pL of Ni-NTA agarose beads (Qiagen, 30230) was added to the
391  supernatant and NiSO4 was added to a final concentration of 1 mM. The supernatant was incubated with
392 the beads over night at 4 °C with mild agitation. The beads were recovered in a filter column and washed
393  with 1x PBS. The beads were then washed once with 50 mM imidazole (pH 7.4). WA2.22 nanobody was
394  eluted from the beads by incubating with 500 mM imidazole (pH 7.4) and buffer exchanged into acetate

395  buffer. The protein was filtered, aliquoted, and stored at -80 °C until use.
396 6.5 Antibody purity and analytical size-exclusion chromatography analysis

397 Nanobodies and antibodies were analyzed via size-exclusion chromatography (SEC) with a Shimadzu
398  Prominence HPLC system. Following Protein A purification, nanobodies and antibodies were stored in 20

399  mM potassium acetate buffer (pH 5.0). Antibodies and nanobodies were diluted to 0.1-0.2 mg/mL in either
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400 100 mM sodium acetate buffer (pH = 5.0) or 1x PBS (pH 7.4), and 100 uL was injected into a SEC column
401  (Superdex 200 Increase 10/300 GL column; GE, 28990944). SEC analysis and purification was performed
402  at 0.75 mL/min using a running buffer of either 100 mM sodium acetate and 200 mM arginine (pH 5.0) or
403  1x PBS and 200 mM arginine (pH 7.4). Absorbance was monitored at 280 nm, and the percentage of
404  monomer was calculated using absorbance peaks between the void volume and buffer elution times.
405  Nanobodies or antibodies which displayed below 90% monomer following Protein A purification were
406  further purified by SEC, and proteins were further analyzed to ensure >90% monomer following SEC

407  purification.
408 6.6 Nanobody Fc-fusion protein affinity analysis

409 Nanobody Fc-fusion protein affinity was analyzed using a bead-based flow cytometry assay (33,34).
410  HTA4O0 fibril-coated tosyl Dynabeads were blocked with 10 mM glycine with end-over-end mixing at room
411  temperature for 1 h. Beads were then washed with PBSB. Immediately before use, nanobody Fc fusions
412  were thawed at room temperature and centrifuged in a tabletop centrifuge at max speed (21,300 xg) for 5
413  min. The supernatant was transferred to a new tube, and the nanobody Fc fusion concentration was
414  determined by measuring the A280 using a NanoDrop. Varying concentrations of nanobody Fc fusion (300
415 nM and 4x dilutions) were added to individual wells of a 96-well plate (Greiner, 650261) and incubated
416  with 1x10° prepared HT40 fibril beads in 1% milk. Incubation was performed for approximately 3 h at
417  room temperature with mild agitation. Following primary incubation, the plate was centrifuged at 2500 xg
418 for 5 min, and the beads were then washed once with ice cold PBSB. The beads were then incubated with
419  a 1:300 dilution of goat anti-human Fc Alexa Fluor 647 (Jackson ImmunoResearch 109-605-098) in PBSB
420  on ice for 4 min. The beads were then washed once with ice cold PBSB, resuspended in PBSB, and mean
421  fluorescence signal was examined by flow cytometry using a BioRad ZES5 analyzer. The affinities of Tau-

422 5 and zagotenemab were analyzed in the same manner.

423 6.6 Comparison of monovalent and bivalent WA2.22 affinity
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424 The affinity of monovalent WA2.22 (6xHis tag at C-terminus) and bivalent WA2.22 Fc-fusion protein
425  (6x His-tag and a FLAG-tag at C-terminus) was analyzed using a bead-based flow cytometry assay. HT40
426  fibril-coated tosyl Dynabeads were blocked with 10 mM glycine with end-over-end mixing at room
427  temperature for 1 h. The beads were then washed once with PBSB. Immediately before use, WA2.22
428  nanobody and WA?2.22 nanobody Fc-fusion protein were thawed at room temperature and transferred to a
429  new tube, and the nanobody or nanobody Fc fusion concentration was determined by measuring the A280
430  usinga NanoDrop. Varying concentration of monovalent WA2.22 (1000 nM and 4 x dilutions) and WA2.22
431  Fc fusion (250 nM and 4x dilutions) were added to individual wells of a 96-well plate and incubated with
432 1x10° prepared HT4O0 fibril beads in 1% milk. Incubation was performed for approximately 3 h at room
433 temperature with mild agitation. Following incubation with monovalent WA2.22 and bivalent WA2.22 Fc
434 fusion, the plate was centrifuged at 2500 xg for 5 min, and the beads were washed once with ice cold PBSB.
435  The beads were then incubated with a 1:1000 dilution of chicken anti-His antibody (Invitrogen, PA1-9531)
436  on ice for 20 min. The beads were then washed once with ice cold PBSB. The beads were then incubated
437  with a 1:1000 dilution of donkey anti-chicken IgY F(ab)’, Alexa Fluor 647 (Jackson ImmunoResearch,
438  703-606-155) on ice for 4 min. The beads were then washed once more with ice cold PBSB, resuspended

439  in PBSB, and mean fluorescence signal was examined by flow cytometry using a BioRad ZE5 analyzer.
440 6.7 Nanobody conformational specificity analysis

441 The conformational specificity of nanobody Fc-fusion proteins was analyzed using a bead-based flow
442  cytometry assay (33,34). For comparison, a sequence specific antibody (Tau-5) and a highly conformational
443  antibody (zagotenemab) were included in analysis. Nanobody Fc fusions or antibodies at a fixed
444  concentration (10 nM) were first incubated with HT40 monomer at varying concentrations (0.1-1000 nM)
445  in individual wells of a flow plate. Nanobody Fc fusion or antibody was also incubated under the same
446  condition without monomer for comparison. Incubation was carried out in PBSB plus 1% milk for
447  approximately 1 h at room temperature with mild agitation. HT40 fibril-coated beads were blocked and

448  washed as described above, and 1x10° beads were added to each well. After adding beads, incubation was
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449  performed for approximately 3 h at room temperature with mild agitation. Following incubation, the plate
450  was centrifuged at 2,500 xg for 5 min, and the beads were washed once with PBSB. The beads were then
451  incubated with a 1:300 dilution of goat anti-human Fc Alexa Fluor 647 (Jackson ImmunoResearch, 109-
452 605-098) in PBSB on ice for 4 min. The beads were then washed once with ice cold PBSB, resuspended in
453  PBSB, and mean fluorescence signal was examined by flow cytometry using a BioRad ZE5 analyzer.
454  Percent binding was determined by comparing the mean fluorescence signal at a given monomer

455  concentration to mean fluorescence signal in the absence of monomer.
456 6.8 Immunoblotting of mouse brain samples

457 All experiments were approved by the University of Michigan IACUC and performed in accordance
458  with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The facility in
459  which experiments were conducted was approved by the American Association for the Accreditation of
460  Laboratory Animal Care. Mice were housed at the University of Michigan animal care facility. Mice were
461  maintained according to a 12 h light/dark cycle with food and water available ad libitum (U.S. Department
462  of Agriculture standard). Two strains of mice were bred at the University of Michigan: Hemizygous P301S
463  taumice (B6;C3-Tg-Prnp-MAPT-P301S PS19Vle/J; The Jackson laboratory stock #008169) (67) and non-

464  transgenic littermates. Mice were euthanized at 9 and 11 months for sample collection.

465 For immunodot blotting, mouse brain homogenates were prepared as follows. Brain tissue from both
466  11-month-old P301S transgenic mice and age-match wildtype mice were first diluted in PBS at a 1:3
467  tissue:PBS ratio (w/v). Tissue in PBS was supplemented with a protease inhibitor cocktail and homogenized
468  (Sigma Aldrich, 11873580001). Homogenized tissue was next centrifuged at 4 °C at 9,300 xg for 10 min.
469  The supernatant was removed, and the pellet was resuspended in PBS with a second protease inhibitor
470  cocktail (Roche, 11836170001). The resuspended pellet was then again centrifuged at 4 °C at 9,300 xg for
471 10 min. Following centrifugation, the supernatant was again removed, and the pellet was resuspended in
472 1% sarkosyl with protease inhibitor. The resulting mixture was vortexed for 1 min and then incubated at

473  room temperature for 1 h. The mixture was then sonicated for 5 min using a water bath sonicator. These
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474  samples were then centrifuged at 4 °C at 16,000 xg for 30 min. From these samples, sarkosyl insoluble
475  fractions of brain extract (7 pg of total protein) were spotted (1 pL) directly onto 0.45 um nitrocellulose
476  membranes and allowed to dry for 1 h. Loading controls were then stained with Ponceau S for 10 min and
477  washed three times with distilled water. Membranes used for the analysis of tau nanobody Fc fusions and
478  antibodies were blocked with 10% nonfat dry milk in Tris buffered saline supplemented with 0.1% Tween-

479 20 (TBST) buffer.

480 Immunoblots were next incubated with nanobody Fc fusion proteins or antibodies at 10 nM. Incubation
481  was carried out overnight at 4 °C in 1% milk in TBST. The immunoblots were next washed for 10 min,
482  three times each with TBST. Immunoblots were next incubated with a HRP-conjugated goat anti-human
483  IgG (1:5000 dilution) at room temperature for 1 h. Following this secondary incubation, the immunoblots
484  were again washed three times, 10 min each with TBST. Immunoblots were then developed with an
485  EcoBright Pico HRP Substrate (Innovative Solutions). Imaging was performed with a Genesvs G:Box

486  imaging system (Syngene). Two independent repeats were performed.
487 6.9 Immunofluorescent staining of mouse brain samples

488 Brain tissue sections from 9-month-old P301S mice and age-matched non-transgenic controls were post
489 fixed in methanol for 10 min, washed three times for 10 min each in 1x PBS, and subjected to heat-induced
490  antigen-retrieval in 10 mM citrate buffer (pH 6) for 4 min. Brain sections were then washed twice with 1x
491  PBS. Next, the brain sections were permeabilized by incubating for 10 min in 0.5% Triton-X 100.
492 Following permeabilization, the sections were washed once with 1x PBS for 10 min. The brain sections
493  were then blocked for 1 h using a Mouse on Mouse (M. O. M.) Blocking Regent (M.O.M. Immunodetection
494 Kit, Vector, BMK-2202). After blocking, the brain sections were washed twice with 1x PBS for 2 min each.
495  The sections were then incubated with M. O. M. diluent for 5 min. Next, the brain sections were incubated
496  with both WA2.22 Fc fusion (100 nM) and AT8 (1:200 dilution, Invitrogen) in M. O. M. diluent at 4 °C
497  overnight. The following day, the brain sections were washed three times with 1x PBS for 10 min each.

498  Following washing, the brain sections were incubated for 1 h with goat anti-human IgG Alexa Fluor 647
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499  (Invitrogen) and goat anti-mouse IgG Alexa Fluor 488 (1:500, Invitrogen). The brain sections were then
500  washed three times with 1x PBS for 10 min each. The sections were then incubated with DAPI (Sigma) for
501 5 min at room temperature. The brain sections were then washed three times with 1x PBS for 5 min each.
502  Finally, the brain sections were mounted with Prolong Gold Antifade Reagent (Invitrogen). Slides were

503  imaged using an Olympus FV3000.
504  6.10 Immunofluorescent staining of human brain samples

505 Paraffin-embedded brain tissue sections from the frontal cortex of subjects with Alzheimer’s disease
506  and progressive supranuclear palsy as well as age and gender matched controls were obtained from the
507  Michigan Brain Bank (University of Michigan, Ann Arbor, MI, USA). Autopsy consent had been obtained
508  from persons evaluated in the clinic and/or research studies; upon death of the individual, consent to autopsy
509  was confirmed by next of kin. Samples were examined at autopsy, and neuropathological diagnosis was
510  determined by University of Michigan Pathology Department neuropathologists. All protocols were
511  approved by the University of Michigan Institutional Review Board and follow the declaration of Helsinki

512 principles.

513 Brain sections were first heated, deparaffinized, and rehydrated through sequential washes with
514 dilutions of xylene, ethanol, and distilled water. The brain sections were then subjected to microwave heat-
515  induced antigen-retrieval in 10 mM citrate buffer (pH 6) for 4 min. Following antigen retrieval, the brain
516 sections were permeabilized with 0.5% Triton-X 100, washed with 70% ethanol for 5 min, and then
517  incubated with an autofluorescence eliminator reagent (Millipore catalog #2160) for 5 min. Next, the brain
518  sections were washed three times with 70% ethanol. The brain sections were then blocked with a solution
519  of 5% goat serum in 1x PBS for 1 h. The sections were then incubated with WA2.22 Fc fusion (100 nM)
520  and ATS8 (1:200, Invitrogen) overnight at 4 °C. On the following day, the sections were washed three times
521  with 1x PBS for 10 min each. The brain sections were then incubated with goat anti-mouse Alexa Fluor
522 488 and goat anti-human Alexa Fluor 647 (1:500, Invitrogen). Following secondary staining, the sections

523 were then washed three times with 1x PBS for 10 min each. The brain sections were then incubated with
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524  DAPI (Sigma) at room temperature for 5 min. Finally, the sections were washed three times with 1x PBS
525  for 5 min each and mounted with Prolong Gold Antifade Reagent (Invitrogen). Slides were imaged using a
526  Nikon Al High Sensitivity Confocal (housed in the University of Michigan Biomedical Research Core

527  Facilities Microscopy Core).
528  6.11 Immunohistochemical staining of human brain samples

529 Paraffin-embedded brain tissue sections from the frontal cortex of human brain with a high level of
530  with Alzheimer’s disease neuropathological change (ADNC) NIA-AA criteria (A3, B3, C3) (68), were
531  obtained from the Michigan Brain Bank as described above. Immunohistochemical staining was performed
532 in the University of Michigan Rogel Cancer Center Histology core on the DAKO Autostainer Link 48
533 (Agilent, Carpiteria, CA). Tissue staining was performed at room temperature using a Human-on-Human
534  HRP-Polymer kit (Biocare Medical, BRR4056KG). Briefly, WA2.22 Fc fusion and zagotenemab both with
535  human IgG1 Fc were tagged with Digoxigenin for detection. Brain sections were deparaffinized in xylene,
536  rehydrated through graded alcohols to water, and rinsed in TBS. Heat induced epitope retrieval was
537  performed using Dako Envision Flex TRS,. Low pH peroxidase block was then applied to the slides for 5
538  min.. Digoxigenin-tagged WA2.22 Fc¢ fusion or zagotenemab was then applied to slides and incubated for
539 60 min. Slides were rinsed with TBS and incubated with mouse anti-Digoxigenin secondary antibody for
540 15 min. Slides were rinsed with TBS and incubated with MACH 2 mouse HRP-polymer for 30 min. The
541  slides were then rinsed with TBS and incubated with 3,3’-diaminobenzidine (DAB) for 10 min. Slides were
542 rinsed with DI water, counterstained with hematoxylin, washed with DI water, and dehydrated through
543 graded alcohols. Slides were cleared in xylene and coverslipped. The Digital Pathology slide scanning
544  service, part of the Department of Pathology, Michigan Medicine, provided assistance with generation of

545  whole-slide images.
546  6.12 Polyspecificity analysis

547 Biotinylated soluble membrane protein (SMP) reagent was prepared from CHO cells for polyspecificity

548  analysis as previously described (36,69) and stored at -80 °C until use. Antibodies and nanobody Fc fusions
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549  were analyzed at equivalent molar concentrations across a range of concentrations. The assay was
550  performed as previously described (69). The data from three independent repeats were normalized
551  according to control antibodies with high (emibetuzumab) and low (elotuzumab) non-specific binding at
552 the highest antibody or nanobody-Fc fusion concentration evaluated. Normalization is performed by
553  setting the value of non-specific binding at the highest antibody concentrations to 1 for emibetuzumab
554 (high non-specific binding) and 0 for elotuzumab (low non-specific binding), and scaling all other
555  values accordingly.

556  6.13 Nanobody-Fc fusion melting temperature analysis

557 Nanobody-Fc fusion and antibody melting temperatures were analyzed using differential scanning
558  fluorimetry. Nanobody-Fc fusion proteins and antibodies were diluted to a concentration of 0.12 mg/mL,
559  and Protein Thermal Shift Dye (Applied Biosystems, 4461146) was to achieve a final concentration of 1x
560  dye. A total of 20 pL protein and dye mixture was added to individual wells of a 394-well plate. Plates were
561  submitted to the University of Michigan Advanced Genomics Core for analysis. A temperature gradient
562  between 25 °C and 98 °C was examined. Three independent repeats were analyzed using a QuantStudio

563  Real-Time PCR System.

564  7.LIST OF ABBREVIATIONS

565 QD = quantum dot

566  FACS = fluorescence-activated cell sorting
567  MACS = magnetic-activated cell sorting
568  CDR = complementarity-determining region
569  Tm = melting temperature

570  Fc = fragment crystallizable

571  BSA = bovine serum albumin

572  PBS = phosphate buffered saline
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573  PBSB = PBS supplemented with 1% BSA

574  SEC = size-exclusion chromatography
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Figure 1. Overview of approach for isolating tau conformational nanobodies. A yeast surface display library
was first prepared from a nanobody repertoire isolated after immunizing a llama with tau fibrils. The library was
sorted twice against tau fibrils via magnetic-activated cell sorting (MACS) to initially enrich the library. Fluores-
cence-activated cell sorting (FACS) was then used to select a population of yeast cells that bound to tau fibrils in a
manner proportional to nanobody expression. Next, the enriched library was profiled for binding to tau monomer
to evaluate conformational specificity. Finally, the enriched library was sequenced and selected clones were
expressed as nanobody Fc-fusion proteins for evaluation. Cells were collected from gates with percentages labeled
in sorts 3 and 4. The gate and percentage included on monomer profiling serve as a reference to demonstrate that
the majority of yeast cells displaying nanobodies on their surface do not show binding signal for tau monomer.
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Figure 2. Affinity and conformational specificity of selected tau nanobody Fc-fusion proteins. (A) Nanobody
Fc-fusion proteins (WA2.22, WA2.21, and WA2.7) were incubated with tau fibril-coated magnetic beads at various
concentrations. Nanobody binding was detected using an anti-human Fc 647 secondary antibody. Mean binding
signal at each nanobody concentration was then determined using flow cytometry. (B) Nanobody Fc-fusion proteins
as well as two conventional antibodies (Tau-5 and zagotenemab), at a fixed concentration (10 nM), were first preincu-
bated with tau monomer (0.1-1000 nM). Next, tau fibril-coated magnetic beads were then added to the mixture of
antibody and tau monomer for approximately 3 h. Finally, nanobodies and antibodies bound to tau fibril-coated
beads were detected via flow cytometry, and the percentage of binding relative to that observed without tau mono-
mer preincubation is reported. In (A) and (B) the data are averages, and the errors are standard deviations for three
independent experiments.
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Figure 3. Immunodot analysis of tau conformational nanobodies using mouse brain samples. Immunodot
blotting analysis of the selected nanobody Fc-fusion proteins (WA2.22 and WA2.21) was evaluated for both
wild-type and transgenic P301S mouse brain homogenates. For comparison, a conformational tau antibody
(zagotenemab) and a sequence-specific tau antibody (Tau-5) were also analyzed. Immunoblots were imaged at
both short (left) and long (right) exposure times. Ponceau stain was used as a loading control. The staining was

repeated twice, and a representative image is shown.
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Figure 4. Immunofluorescence analysis of a tau conformational nanobody using mouse brain samples. Immuno-
fluorescent staining of fixed brain sections from wild-type and transgenic P301S mice was performed using WA2.22
(purple; Fc-fusion protein). Tissue sections were co-stained with a phospho-tau antibody (AT8, green) and DAPI (blue).
WA2.22 signal was detected using Alexa Fluor 647, and AT8 signal was detected using Alexa Fluor 488. The scale bars
in the images represent approximately 50 um, and the scale bars in the insets represent approximately 20 um.
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Figure 5. Immunofluorescence analysis of a tau conformational nanobody using human brain samples.
Immunofluorescent staining of fixed brain sections from human samples without cognitive impairment (con-
trol), Alzheimer’s disease (AD), and progressive supranuclear palsy (PSP) was performed using WA2.22 (purple;
Fc-fusion protein). Tissue sections were co-stained with a phospho-tau antibody (AT8, green) and DAPI (blue).
WA2.22 signal was detected using Alexa Fluor 647, and AT8 signal was detected using Alexa Fluor 488. The scale
bars in the images represent approximately 50 um.
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Figure 6. Immunohistochemistry analysis of a tau conformational nanobody using human brain
samples. Immunohistochemical staining of fixed brain sections from human brain with a high level of
Alzheimer’s disease neuropathological change (ADNC), NIA-AA criteria (A3, B3, C3) was performed using
WA2.22 Fc-fusion protein (left) and zagotenemab (right). WA2.22 and zagotenemab staining was detect-
ed using horseradish peroxidase and developed with 3,3’-diaminobenzidine. Nuclei were detected via
hematoxylin stain. The scale bars in the main images represent approximately 50 um, and the scale bars
in the insets represent approximately 20 um.
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Figure 7. Biophysical characterization of tau conformational nanobodies. (A) Non-specific binding for the nanoboc
ies and antibodies was analyzed using a flow cytometry assay. The nanobody Fc-fusion proteins and antibodies wer
immobilized on Protein A magnetic beads, and the levels of polyspecificity reagent binding (biotinylated soluble men
brane proteins from CHO cells) were evaluated using flow cytometry. The measurements were normalized relative to tw:
clinical-stage control antibodies with low (elotuzumab) and high (emibetuzumab) levels of non-specific binding. (E
Nanobody Fc-fusion protein and antibody melting temperatures were analyzed by differential scanning fluorimetry. ,
single unfolding transition was observed, which is reported as the melting temperature. In (A) and (B), the data are avel
ages, and the error bars are standard deviations for three independent experiments.
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