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One Sentence Summary:

A tau-conformer antibody recognizing synaptic oligomers and 3R, 4R, and mixed aggregates in
humans rescues neuronal loss in mouse tauopathy models.

ABSTRACT

Numerous tau immunotherapies are being developed against Alzheimer’s disease (AD), but it has been
challenging to specifically target early-stage tau aggregates using conformation-dependent antibodies.
Here, we report a monoclonal antibody, APNmADbOQO5, that recognized a conformational epitope
associated with tau oligomers. In AD brain extracts, mAb0O5 preferentially recognized oligomeric tau in
the synapse over monomeric tau in the cytosol. In the prefrontal cortex and hippocampus, mAb005
immunoreactivity was strongly present in early-stage AD but surprisingly diminished in late-stage AD
(Braak stage VI). mAb00OS also recognized aggregates in 3R tauopathies (Pick’s disease) and 4R
tauopathies (corticobasal degeneration and progressive supranuclear palsy), including those in astrocytes
and oligodendrocytes. In rTg4510 mice (P301L tau), mAbOO5 immunoreactivity first appeared in distal
neurites but much later in neuronal somas. Thus, the mAbOO5 epitope appears to be associated with early-
stage oligomers of tau (esoTau) that accumulate around synapses in AD, which is also detectable in both
3R and 4R tauopathies. In cellular uptake models of tauopathy transmission, mAb0OO5 blocked the
formation of intracellular inclusions induced by incubation with rTg4510 mouse brain extracts. Long-term
treatments with mAb0O05 in rTg4510 mice partially rescued synaptic and neuronal loss in the hippocampus
without promoting overall tau clearance. Our data suggest that immunotherapies targeting esoTau
enriched around synaptic sites may alleviate tau toxicity against synapses and neurons, which may be a
promising treatment strategy against AD.

INTRODUCTION

The neuropathology of Alzheimer’s disease (AD) is characterized by the misfolding of B-amyloid
peptide (AP) and hyperphosphorylated tau (pTau) proteins (1, 2). Increasing evidence has shown that the
critical toxic agents may be soluble oligomers of A and tau instead of insoluble fibrils (3-6). Currently,
there is no effective therapeutic strategy to slow down AD progression (7). Dozens of immunotherapies
against AP and tau have undergone clinical trials for AD treatment (8-10). So far, the only clinically
approved immunotherapy is Aducanumab, a conformational antibody against Af oligomers, but it has
shown limited clinical benefits thus far (11, 12).
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As extracellular oligomers have become the prime target in Ap immunotherapy (13), the suitable
targets for tau immunotherapy remain unclear. Tau proteins are found in many different cellular
compartments of the brain (14-16), exhibiting various misfolding conformations (17, 18) and propagative
strains (19-21), with a multitude of proteoforms arising from extensive posttranslational modifications
(phosphorylation, acetylation, methylation, glycosylation, etc.) (22-27). Based on the prion-like
propagation hypothesis (28-32), tau immunotherapies should ideally target early-stage transmissive
species for early intervention without interfering with native tau proteins and their physiological functions.
In AD subjects, the seeding capacity of tau oligomers appears before neurofibrillary tangle deposition (33).
We also observed widespread accumulation of tau oligomers in AD-affected synapses, which have the
potential to be propagative seeds (34, 35). Interestingly, in the rare cases of non-demented elderly with
extensive plaque and tangle pathologies, their synapses show very little tau oligomer deposition (6, 36).
Therefore, tau oligomers around synaptic sites, rather than insoluble tau fibrils, may play crucial roles in
synaptic dysfunction and cognitive decline.

Previously, eleven tau antibodies have undergone clinical trials against AD (10, 37), which may be
classified into three classes. Firstly, six of them recognize linear epitopes on native tau protein, lacking
specificity for pathological species. Their proposed mode of action (MOA) is to block transmission by
targeting extracellular tau (eTau) (38, 39). Secondly, four of them target various phosphosites, including
pS217 (40), pT231 (Pinteon PTNOO1), pS396 (41), and pS422 (42). Dozens of phosphosites have been
identified on tau, but it remains difficult to assess whether a particular phosphosite may promote toxicity,
reduce toxicity, or carry out physiological functions under various contexts (22, 43, 44). Thirdly,
LY3303560 (45) is the only conformation-specific antibody being clinically tested (halted after phase 2
trial), which is the humanized version of MC-1, an IgG against fibrillar aggregates (46).

Here, we sought to develop a tau immunotherapy that focuses on pathological species and early
intervention, by targeting tau oligomers accumulating around synapses. However, oligomers are
metastable species which are generally difficult to generate, store, and immunize against. Previously, we
found that encapsulation of AP into artificial vesicles led to stabilized oligomers that are conformationally
distinct from recombinant fibrils (47, 48). Here, we encapsulated tau oligomers into artificial vesicles to
create the biomimetics of AD-affected synapses. After injecting them into mice for antibody screening,
we identified a monoclonal 1gG, APNmADbOQO5, that preferentially recognized a conformational epitope
associated with synaptic tau oligomers in AD. The staining patterns of mAb0O5 in postmortem AD tissues
and rTg4510 mice (expressing P301L human tau (49)) suggested a preference for early-stage oligomers
of tau (esoTau). Treatments with mAbOO5 partially rescued synaptic and neuronal loss in rTg4510 mice
without apparent reductions in tau aggregates. Our results suggest that targeting esoTau to reduce neuronal
and synaptic toxicity may be a promising strategy for tau immunotherapy.
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RESULTS
mMADOO5 recognizes misfolded tau oligomers

To screen for conformer-specific tau antibodies, we prepared biochemical fractions enriched with
misfolded pTau aggregates from AD brain tissues, including the synaptosomes and the sarkosyl-insoluble
materials from brain lysates. pTau was detected by AT8 (pS202/pS205) immunoreactivity, a common
pathological marker (Fig 1a-1d). Brain-derived tau aggregates were used for dot-blot screening of eleven
monoclonal antibodies generated against vesicle-encapsulated tau oligomers (Fig. 1e). The first group of
antibodies (mADbOO05, 010, 011, 013, and 032) only recognized pathological tau species in the sarkosyl-
insoluble and synaptosomal fractions of AD brains. Because synaptosomes only contain tau oligomers but
not fibrils (34), these may be classified as oligomer-recognition antibodies. The second group of
antibodies (mAb004 and 033) recognized both normal and pathological tau, similar to the general-purpose
tau antibody HT7. A third group (mAbO008, 020, 025, and 037) showed intermediate binding preferences
between the first and second group, showing weaker reactivity against sarkosyl-soluble tau but stronger
reactivity against sarkosyl-insoluble tau.

Four of these antibodies—mAb004, 005, 020, and 037—were further characterized by
immunoblotting against human brain materials. mAb005 was distinguished by very low reactivity against
tau monomers in the brain lysate of non-demented controls and the sarkosyl-soluble tau of AD subjects.
mADbO05 was partially reactive toward tau proteins from rTg4510 brain lysates and sarkosyl-insoluble
fraction from AD subjects, implying that they retained partial misfolding under denaturing/reducing gel
conditions (Fig. S1). Among these four antibodies, mAb0O5 showed the greatest specificity against tau
aggregates isolated from AD brains, including high-molecular weight species from size exclusion
chromatography (fraction 9 in Fig. 2a-b) and high-density species from sucrose gradient centrifugation
(30-50% fractions in Fig. S2). Against tau aggregates prepared in vitro, mAb005 was strongly reactive
against oligomers, partially reactive against fibrils, and barely reactive against monomers (Fig. S2c).
Taken together, our data suggested that mAb005 preferentially recognized a conformational epitope
associated with misfolded tau oligomers.

mMADbO05-reactive conformers represent early misfolding aggregates

In the hippocampal CA1 and CA3 regions of 3-month-old rTg4510 mice, HT7 immunoreactivity (total
human tau) was concentrated in neuronal somas. By contrast, mAb005 immunoreactivity was hardly
detectable in somas but concentrated instead in the neuropil layers. In six-month-old rTg4510 mice, HT7
signals became highly prominent in neuronal cell bodies bearing tangles, while mAb0O5 immunoreactivity
had also spread from neuropils into some neuronal somas (Fig. 3). This implied that mAb0O5 recognized
an early series of tau misfolding events that originated around distal neurites and perhaps synapses, far
away from the cell body.
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In postmortem tissues, mAb0O05 was surprisingly unreactive against the abundant tau aggregates that
accumulate by the end stage of AD, which include neurofibrillary tangles, ghost tangles, and neuropil
threads. In the prefrontal cortex of AD subjects, mAb0O05 immunoreactivity was prevalent in Braak stage
I1/1V cases but largely absent in stage V/VI cases (Fig. 4). In the hippocampal CA1 region, mAb005
immunoreactivity was detectable in Braak stages I11-V but largely vanished by stage VI (Fig. S3). By
contrast, AT8, mAb004, mAb020, and mAb037 showed very strong staining during Braak stages V and
VI in both areas. This early-detection feature distinguishes mAb005 from other known immuno-markers
of pathological tau species. Therefore, we refer to the conformers recognized by mAb0OQ5 as early-stage
oligomers of tau (esoTau) with respect to AD progression, which appear before widespread tangle
deposition but disappear with tangle maturation.

MADbO05 immunoreactivity in 3R and 4R tauopathies

Due to alternative splicing, tau protein may carry three or four microtubule repeats (3R or 4R) (37).
AD is a mixed 3R and 4R tauopathy, and the tangle maturation process exhibits 4R-to-3R transition (50).
Therefore, we investigated if mAb0O5 preferentially recognized 4R over 3R aggregates. We observed that
mADbOO5 could recognize tau aggregates in 3R tauopathies (Pick’s disease, PiD) as well as 4R tauopathies
(corticobasal degeneration, CBD, and progressive supranuclear palsy, PSP) (Fig. S4). In PSP subjects,
mADbO05 immunoreactivity was found within the tufted astrocytes of putamen, the oligodendrocytes of
globus pallidus, and the neurons of nucleus basalis of Meynert (Fig. 5). Our results suggest that the
mADbOO5 epitope is shared by 3R and 4R aggregates. The disappearance of mAb005 reactivity in Braak
stage VI subjects may be related to conformation changes during tangle maturation rather than 4R-to-3R
replacement. In sum, the misfolding event detected by mAbOQO5 represents a common pathway associated
with 3R, 4R, and mixed 3R/4R tauopathies, which may occur within synapses, neurons, astrocytes, or
oligodendrocytes, depending on disease types and stages.

Therapeutic effects of mAb005

In cellular models of uptake transmission, in which rTg4510 brain lysates were added to the culture
media of cells expressing green fluorescent protein (GFP)-fused tau, mAb005 was effective in blocking
intracellular GFP-tau aggregation with the ECso of 72 nM (Fig. 6a). Therefore, blocking the uptake of
toxic tau seeds is a plausible MOA for mAbOO5 immunotherapy. In rTg4510 mice receiving twelve weeks
of high-dose mAbOO5 injections (50 mg/kg/week), we observed partial rescue of neuronal loss in the
hippocampus dentate gyrus and CAL region. At a lower dose of 10 mg/kg, neuronal loss was still reduced
in the dentate gyrus (Fig. 6b). Total tau levels in brain lysates showed significant increases with both
doses, which may be attributed to the enhanced survival of tau-expressing neurons. The levels of pTau
(detected by ATB8), synaptophysin, and esoTau (detected by mAb0O5) also increased in the high-dose
group (Fig. 6¢). mADbOO5 did not appear to promote the overall clearance of misfolded tau aggregates but
may instead alleviate tau toxicity toward synapses and neurons.
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DISCUSSION
Targeting synaptic tau oligomers in AD

The pathogenesis mechanisms of AD remain incompletely understood, but synaptic pathology may
play important roles (51-53). Cognitive decline in AD is strongly correlated with synaptic loss, more so
than neuronal loss, plaque counts, or tangle counts (54, 55). Multiple studies have implicated diffusible
misfolded AP and tau species as key agents of synaptotoxicity (53, 56, 57). Moreover, the toxicity of Ap
on synapses may depend on tau as a downstream mediator (58, 59). We observed that AR induces
pathological hyperphosphorylation patterns on tau proteins at synaptic sites (60), which may contribute to
the accumulation of pTau oligomers inside the synapses of AD subjects (34, 35). Synaptic pTau proteins
are also found in amyotrophic lateral sclerosis (61) and canine cognitive impairment (62), although their
oligomerization states remain to be confirmed. According to the prion-like propagation hypothesis,
synaptic pTau oligomers may be a crucial transmissive agent (28-32). Tau may be released extracellularly
via synaptic vesicles (63, 64) or exchanged via exosomes, ectosomes, or nanotubes (37, 65). Therefore,
we considered synaptic tau oligomers to be critically toxic and potentially transmissive, which makes
them a promising target for tau immunotherapy.

Recent cryo-electron microscopy studies have identified over a dozen distinct conformations in tau
fibrils associated with different tauopathies (18, 66). Although the conformations of tau oligomers remain
to be resolved, cross-seeding studies have demonstrated the existence of different oligomer strains (21,
67), suggestive of different conformations. However, there is little understanding of how different
oligomer strains are associated with different tauopathies at various respective stages. Conformation-
specific antibodies remain indispensable tools for understanding the roles of oligomers in the pathogenesis
of tauopathies (68-72).

Previously, we tested Alz-50 and MC-1 conformer antibodies side-by-side against AD-patient
synaptosomes and observed positive staining for Alz-50 (35) but negative results for MC-1 (unpublished
data). However, Alz-50 is less suitable for immunotherapy due to its IgM structure (73). Hence, we sought
the development of 1gG antibodies against synaptic tau oligomers. Our novel strategy of immunizing mice
with AD synaptosome biomimetics (vesicles containing tau oligomers) led to a novel class of
conformation-specific 1gGs reactive against tau oligomers in AD-affected synapses (Fig. 1e). Among
these, mAbOO05 was especially interesting due to two unique properties: (1) specificity against early-stage
aggregates in AD subjects that largely disappeared by Braak stage VI (Fig. 4 and S3); (2) specificity for
early diffuse misfolded species originating in distal neurites in mouse tauopathy models (Fig. 3). In rats
with amyloid precursor protein knock-in, mAb005 immunoreactivity precedes MC-1 immunoreactivity
by ~10 months (74). While MC-1 antibody is thought to recognize misfolding events occurring between
pretangle formation and tangle deposition (75), mADbOO5 appears to recognize even earlier
misfolding/oligomerization events that generate what we termed esoTau.

Comparisons against other conformational antibodies
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In postmortem tissues of AD subjects, the immunoreactivity of Alz-50, MC-1, and TOC1 (an IgM
against tau oligomers (72)) continue to accumulate from Braak stage IV to VI (76, 77). Likewise, pTau
species detected by AT8 (pS202/pS205), PHF-1 (pS396/pS404), and CP13 (pT231) antibodies also peak
at Braak stage VI (76). We do not yet understand why esoTau would disappear by late-stage AD, because
no other pathological tau markers have shown comparable temporal patterns. One possibility is that
esoTau eventually becomes incorporated into fibrillar structures and converts into other conformers.
Another possibility is that esoTau may still be removed by chaperones or proteolytic systems, representing
a reversible form of early-stage pathology.

In rTg4510 mice, MC-1 and TOC1 show perinuclear staining at 2.5 months (78), while TOMA (an 1gG
against tau oligomers) shows perinuclear staining at 4 months (71). The somatic clustering of tau
aggregation is rightfully expected because tau expression is concentrated in neuronal somas in this
transgenic model. In stark contrast, mAbOO5-reactive aggregates appear to be driven by a distinct
misfolding mechanism occurring in distal neurites or around synapses, where fewer tau proteins are
available. It is plausible that different cellular compartments may have different factors that drive tau
misfolding, or that different misfolding species may be transported to different subcellular compartments.

It has been shown that tau aggregates from AD, PiD, CBD, and PSP subjects represent different
transmissive strains (79, 80) and exhibit distinct fibril conformations (18, 81-83). Thus, we were surprised
to find that mADbOO5 recognized tau aggregates in 3R tauopathies (PiD), 4R tauopathies (CBD and PSP)
(Fig. 5), as well as mixed 3R/4R tauopathies (AD). It implies that the mAbOO5 epitope may situate outside
the B-rich core of fibrillar tau, for which cryo-electron microscopic structures are available. EsoTau

conformers do not appear to be “off-pathway” intermediates that temporarily occur in AD-affected
neurons. Instead, esoTau conformers may represent oligomeric seeds found in diverse tauopathies and
cellular compartments (neuronal somas, neuropils, synapses, astrocytes, and oligodendrocytes). The
pervasive nature of esoTau makes it an attractive therapeutic target.

The therapeutic effects of conformation-specific antibodies in animal tauopathy models have been
demonstrated, but the MOA may depend on the nature of the antibody and animal pathophysiology. For
instance, MC-1 treatment effectively promoted the clearance of soluble and insoluble tau species in JNPL3
mice (P301S tau) (84), which may reflect its affinity for both smaller aggregates and larger fibrils (85).
On the other hand, TOMA only reduced oligomer levels but not tangle or tau monomer levels in JNPL3
mice (71). In rTG4510 mice, which have more aggressive pathologies than JNPL3, TOMA did not affect
tangle or tau monomer levels. It failed to rescue neuronal death in the hippocampus and behavioral deficits,
but only managed to promoted the clearance of tau oligomers into the cerebrospinal fluid and blood serum
(86). In comparison, APNmMADbOO5 treatment promoted neuronal survival in the hippocampus of rTg4510
mice, accompanied by increases in total tau, pTau, synaptophysin, and esoTau levels (Fig. 6). The MOA
of mADbOO5 may not be general tau clearance but the neutralization of certain misfolded species that are
toxic against synapses and neurons. Whether such neutralization occurs intracellularly or extracellularly
remains unclear.
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CONCLUSION

We successfully generated a group of conformational IgG antibodies that recognized synaptic tau
oligomers from AD subjects. Among these, APNmMADbOO5 showed remarkable specificity against
misfolded conformers and was selected for detailed characterization. mAbOO5 recognized tau aggregates
in early-stage AD but not the abundant inclusions at the end stage. In rTg4510 mice, mAb0O5 reactivity
first developed in distal neurites but not somas. These results suggest that different types of tau oligomers
may accumulate with distinct spatiotemporal patterns. In human brains, mAb0O05 immunoreactivity was
found in both nerve and glial cells, as well as in 3R, 4R, and mixed tauopathies. Its target appears to be
early-stage oligomeric seeds shared by many tauopathies , which we termed esoTau.

In cell cultures, mAb0O05 blocked the cellular uptake of toxic tau species contained in rTg4510 brain
lysates. In vivo, mADbOO5 injection into rTg4510 mice promoted neuronal survival and preserved synaptic
integrity. It appears to neutralize the toxic effects of early-misfolding tau species (esoTau) without
apparent clearance of tau aggregates. Targeting early-stage tau oligomers around synaptic compartments
represents a novel strategy for tau immunotherapy. A humanized version of mAbOO5 has undergone
scaled-up production and entered phase 1 clinical trial.

MATERIALS AND METHODS
Reagents

The following antibodies were purchased commercially: HT7 (Thermo MN1000, AB_2314654),
rabbit anti-tau (DAKO A0024, AB_10013724), AT8 (pS202/pT205, Thermo MN1020, AB_223647),
synaptophysin clone SY38 (Abcam ab8049, AB 2198854; GeneTex GTX72051, AB_373523) and
GAPDH (Proteintech 10494-1-AP, AB_2263076). Secondary antibodies were purchased from LI-COR
(926-32210, 926-68071, and 926-68078) and Jackson ImmunoResearch (115-606-146). Dithiothreitol
(DTT), sodium dodecyl sulfate (SDS), and HEPES were purchased from Sigma.

Generation of tau monoclonal antibodies

All anti-tau monoclonal antibodies were generated by the hybridoma approach against recombinant
tau aggregates (human full-length tau) encapsulated in the ACM Polymersomes (ACM Biolabs, Singapore)
and purified by size exclusion chromatography (SEC) to remove the non-encapsulated aggregates. The
inclusion of the tau aggregates was confirmed by the specific binding of the fluorescent dye PBB3 (87).
Standard hybridoma approach was conducted to immunize the wild-type BALB/c and SJL mice with 3
rounds of 5 or 10 g of antigens. ELISA assays were performed using recombinant tau aggregates to

8


https://doi.org/10.1101/2022.06.24.497452

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.24.497452; this version posted June 26, 2022. 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.

check the degree of immunization and subsequent steps of clone selection and expansion. Approximate
50 antibodies were further purified and characterized by immunoblotting for tau binding. Eleven
antibodies were selected based on their tau binding patterns correlating well to pathological tau species
characterized in the literature.

Postmortem tissues and human subjects

All human brain tissues of non-demented (ND), AD, PSP, PiD, and CBD subjects were obtained from
Banner Sun Health Research Institute (Sun City, AZ, USA) (88). Brain tissues for immunoblotting and
dot blotting were processed in house (at APRINOI) as described in designated sections. Pathological
scoring of tau immunohistochemical binding was conducted at Banner Sun Health Research Institute
accordingly. All donor tissues were obtained in accord with local and national IRB regulations.

Brain total lysate

Approximately 200 mg of human brain tissue was dissected out by a microtome blade on the dry ice
block, and disrupted in ice-cold Tris-based lysis buffer (50 mM Tris, 2 mM EGTA and EDTA, 274 mM
NaCl, 5 mM KCI, protease and phosphatase inhibitors, pH 8.0) using lysing matrix D beads (MP
Biomedicals, 6913-500) by the FastPrep homogenizer (MP Biomedicals). The homogenate was spun for
15 min at 13,000 xg at 4°C, and the supernatant was collected as brain total lysate. The protein
concentration was determined by Bradford assay (BioRad).

Sarkosyl extraction

Brain total lysate was incubated in Tris-based lysis buffer containing 1% sarkosyl (diluted from 10%
sarkosyl stock buffer, Bioworld, 41930024-4) at room temperature (RT) for 1 hr, and spun at 150,000 xg
for 20 min at 4 °C. The supernatant was collected as the sarkosyl-soluble fraction (S1). The remaining
pellet was resuspended in phosphate buffered saline (PBS) and spun at 150,000 xg for 20 mins at 4°C.
The supernatant was removed and the pellet was resuspended in PBS as the sarkosyl-insoluble fraction
(P2).

Synaptosome preparation

Brain tissues were dissected into small pieces (~300 mg) by microtome blade, and then disrupted by
Teflon-glass homogenizer in ice-cold buffer A (25 mM HEPES, 120 mM NaCl, 5 mM KCI, 1 mM MgClo,
2 mM CaCl,, protease and phosphatase inhibitors, 2 mM DTT, pH 7.5). The homogenate was passed
through an 80-pm filter (Millipore, NY8002500) and a 5-pum filter (Pall, 4662). The filtrate was spun at
1,000 xg for 10 mins at 4 °C. The pellet was labeled as P1 (synaptosomes). The supernatant was further
spun at 100,000 xg for 30 mins at 4 °C to remove organelles and microsomes, and the supernatant was
collected as the cytosol fraction. An aliquot of P1 was incubated with 0.5% Triton-X 100 (Thermo, 28314)
in PBS at 4 °C and rotated for 20 min. After centrifugation at 15,000 xg for 15 min at 4 °C, the supernatant
was collected as synaptosome extract for dot-blotting. Another aliquot of P1 was resuspended in buffer A
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and spun at 1,000 xg for 10 mins at 4 °C to yield the P1” pellet. This was resuspended in buffer B (50 mM
Tris, 1.5 % SDS, 2 mM DTT, pH 7.5) and boiled for 5 min, followed by centrifugation at 15,000 xg for
15 min. The supernatant was collected as synaptosome extract for immunoblotting.

Immunoblotting and dot blotting

Brain total lysate was supplemented with 50 mM DTT and LDS sample buffer (Thermo, BO007) and
boiled for 5 min. It was resolved by 4-12 % gradient Bolt Bis-Tris Plus gels (Thermo, NW0415B0OX),
and transferred onto a PVDF membrane. The membrane was incubated in blocking buffer (LI-COR, 927-
50000) for 30 min. Primary antibodies were incubated for 1 hr at RT, followed by three washes in PBS.
Secondary antibodies were incubated for 1 hr at RT, followed by three washes in PBS. Imaging and
quantification of signals were performed by LI-COR Odyssey infrared imaging system.

For dot blots, non-denatured brain total lysate (0.4 g protein), sarkosyl-soluble and insoluble fractions
(10 ng of tau), and synaptosomal and cytosolic extracts (0.4 g protein) were adjusted to 2 L in volume
and spotted onto a nitrocellulose membrane (Thermo, LC2001). The membrane was blocked for 30 min,
incubated with primary antibodies for 1 hr, and incubated with secondary antibodies for 1 hr.

Size exclusion chromatography

Brain total lysate (1 mg protein) was spun at 15,000 xg for 10 mins to remove insoluble materials. The
supernatant was collected and loaded into Superose 6 Increase column (Cytiva, 29-0915-96) and eluted in
30 mM Tris buffer (pH 7.4). Gel filtration standards (Bio-Rad, 1511901) were used to determine the
molecular weight of proteins in each fraction.

Sucrose gradient centrifugation

A discontinuous gradient containing 10, 20, 30, 40, and 50% sucrose solutions (1.5 ml each) were
layered into a centrifuge tube (Beckman, 331372). Brain total lysate (6 mg of protein, 3 ml) was carefully
added to the top of the sucrose gradient, and spun at 250,000 xg in a SW41 rotor (Beckman) for 4 hr at 4
°C. Each layer (top, 10, 20, 30,40, and 50% sucrose fractions) was carefully collected from top to bottom
for further analysis.

Immunohistochemistry for human brains

To determine the tissue constituents stained in normal brain tissues from clinically diagnosed ND, AD,
and PSP elderly subjects (SI Table S1), two to four sections were stained from each brain. AD subjects
included two at Braak stage I11-1V and two at Braak stage V-VI, while ND subjects included two at Braak
stage 111 and one each at Braak stages | and Il. Subjects with PSP are not assigned a Braak stage as the tau
pathology is not of the AD type. PSP cases were chosen to represent typical PSP with few or no neuritic
(amyloid) plaques. Brain regions stained for both AD and PSP cases were the frontal lobe: including
superior frontal gyrus, middle frontal gyrus, inferior frontal gyrus, and anterior cingulate gyrus. AD cases
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were additionally stained for the temporal lobe: including amygdala, entorhinal and transentorhinal areas,
hippocampus, dentate gyrus, and parahippocampal gyrus with entorhinal and transentorhinal areas,
fusiform gyrus, inferior, middle, and superior temporal gyrus. PSP cases were additionally stained for the
basal ganglia: including putamen, globus pallidus, and nucleus basalis of Meynert. ND control subjects
had sections stained to correspond with those stained in both AD and PSP groups.

Formalin-fixed, free-floating sections (40 ¢ m) were first treated with 1% H>O, (Thermo). After 30
min, the tissue was incubated with APNmAbO0O5 antibody (Lot 170925005) (1:10,000 for AD sections;
1:1,000 for PSP sections) and AT8 (1:1,000) for 24 hours with agitation. The tissue was washed by PBS-
TX (0.3% Triton X-100) and then incubated with 1:1000 dilution of biotinylated anti-mouse antibody
(Vector Labs) with agitation. After 2 hours, the tissue was incubated with avidin-biotin peroxidase
complex (Vector Labs) for 30 min with agitation. The tissue was then incubated with DAB and nickel
ammonium sulfate for 25 min with agitation and moved into Tris-buffer (pH 7.5) for 25 mins. After cell,
fiber, and tangle signals become clearly visible, the tissue was stained with Neutral Red and then mounted
with Permount mounting solution (Thermo).

Therapeutic effects in rTg4510 mice

rTg4510 mice were licensed from Mayo Clinics and housed in National Laboratory Animal Center
(Taipei, Taiwan) at 24<C with a 12-hr light/dark cycle. Food and tap water were provided ad libitum.
Around 3 months of age, male mice were transferred to Taiwan Mouse Clinics (Taipei, Taiwan) for 12-
week dosing study (IACUC No. 13-5-763). All animals were maintained at 21 £2<C, 50 5% humidity,
with a 12-hr light/dark cycle. Food and tap water were provided ad libitum.

A 7-day acclimation period was implemented prior to drug dosing. On the dosing day, all animals
were weighed before drug administration and assigned into 3 groups by random sampling method. Mice
received twice-daily intraperitoneal dosing (i.p.) of 5 pi/g bodyweight of APNmMADbOO05 (10 or 50 mg/kg
bodyweight) or vehicle (PBS) with insulin syringe. Adequate measures were utilized to minimize potential
pain or discomfort experienced by the mice used in this study. All the experiments involving animals
adhered to relevant ethical guidelines and the ARRIVE guidelines.

Immunohistochemistry for mouse brains

The hemibrains were sliced by Cryomicrotome (Leica) and examined at the pathology core in the
Institute of Biomedical Sciences, Academia Sinica (Taipei, Taiwan). Each hemibrain was mounted in
cryo-embedding media (OCT) on the base mold on dry ice until the tissue was completely frozen and
stored at -80<C. All frozen tissue blocks were sectioned within a week. The frozen tissue block was sliced
into sagittal 30-pm cyro sections by a cryotome cryostat at -20<C. The sequential sections contained
horizontal parts of the cerebrum, hippocampus, and cerebellum between +0.24 to +2.64 mm laterally from
the bregma. Each brain slice was kept in a microcentrifuge tube with 1 ml PBS at 4<C.
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The slices were washed three times in 1.5 ml PBS for 10 min each, and incubated in PBS with 0.3%
Triton-X100 for 1 hr at RT. The slices were blocked in blocking buffer (10% normal goat serum and 5%
BSA in PBS), incubated with goat anti-mouse IgG Fab fragment (Jackson ImmunoResearch, 115-007-
003, 20 ug/ml in PBS) for 1 hour at RT, and washed three times to thoroughly remove the Fab. This was
followed by incubation with primary antibodies overnight at 4 °C and three washes. Incubation with
secondary antibodies for 1 hour at RT was followed by three washes. The slices were transferred to new
wells with DAPI staining for 10 minutes at RT and washed again. Afterwards, the slices were transferred
onto microslides (Muto Pure Chemicals, 1-6724-01) and sealed with mounting medium (Thermo, P36930).
The coverslip (Dogger, AP-0101050) was applied and sealed with nail polish.

Tau seeding inhibition assay

Brains were obtained from 6-month-old rTg4510 mice and the cerebellum was removed by microtome
blade. The remaining brain tissue was disrupted in Tris-based lysis buffer (50 mM Tris-base, 2 mM EGTA
and EDTA, 274 mM NaCl, 5 mM KClI, protease and phosphatase inhibitors, pH 8.0) using lysing matrix
D beads. The homogenate was spun for 15 mins at 13,000 xg at 4 °C. The supernatant was collected as
brain total lysate and stored at -80 °C. The total lysate was exchanged into PBS buffer using centrifugal
filter devices (Merck, UFC201024) according to manufacturer protocols.

rTg4510 brain lysate in PBS was incubated with serially diluted APNmMADbOO5 or control mouse 1gG
for 2 hr at RT with rotation. The antibody-lysate mixture was added to HEK cells stably expressing
TauLM-GFP fusion protein (full length 4R tau with P301L and V337M mutations). After 48 hours at
37°C, the cells were fixed by 4% paraformaldehyde (Electron Microscopy Sciences, 15710) and stained
with 10 nM of DAPI. Images were acquired by ImageXpress Micro Confocal (Molecular Devices) and
further analyzed to quantify the number of cells (GFP and DAPI double positive) and tau spots.

Preparation of tau oligomers

Full-length tau was expressed in E. coli (One Shot BL21 Star DE3, Thermo) using the pRK172-htau40
plasmid. Bacteria were lysed in 20 mM Tris buffer (pH 9.0) by sonication. The lysate was boiled for 10
min to precipitate heat-unstable proteins (tau remained soluble) and sonicated again. The lysate was cooled
to 4 °C and cleared by spinning at 15,000 xg for 20 min. The supernatant was subjected to anion exchange
chromatography (Cytiva HiTrap Q HP column) with gradient elution (0-250 mM NaCl). Tau-containing
fractions were collected and subjected to SEC (Cytiva HiLoad 16/600 superdex 200 pg column) and eluted
in 20 mM Tris buffer (pH 7.4), yielding highly purified tau monomers. Tau protein aggregation was
induced with 0.3 mg/mL heparin in 20 mM MOPS buffer (pH 7.0) at 37 °C. The fibrillar and oligomeric

fractions were isolated by SEC.
Statistical Analysis

ECso and ANOVA were calculated using GraphPad Prism 8 software (San Diego, CA, USA).
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Figure 1. (a) Cytosolic (Cy) and synaptosomal (Sy) extracts from AD and non-demented (ND) subjects,
probed against human tau (HT7), synaptophysin (SYP), and GAPDH. (b) AD brain total lysates were
separated into sarkosyl soluble (S1) and insoluble (P2) fractions, probed by total tau (DAKQ) and pTau
(AT8) antibodies. (c) Dot-blot analysis of materials from (a) for pTau, total tau, human tau (HT7), SYP
and GAPDH. (d) Dot-blot analysis of materials from (b) for pTau and total tau. (e) Characterization of tau
monoclonal antibodies (mADb series) by dot-blotting against materials from (a) and (b).
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Figure 2. (a) AD brain extracts contain more high-molecular weight tau species (SEC fraction 9)
compared to non-demented (ND) controls. Fractions 21-22 contain tau monomers. (b) Dot-blot analysis
of SEC fractions using tau monoclonal (mAb series), HT7, AT8 (pTau), GAPDH, and synaptophysin
(SYP) antibodies. (c) Dot-blots of tau monoclonal antibodies against recombinant tau aggregates prepared
in vitro, separated by SEC into fibrils, oligomers (high and low molecular weight), and monomers.

16


https://doi.org/10.1101/2022.06.24.497452

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.24.497452; this version posted June 26, 2022. 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.

(a) HT7 rTg4510 3 months HT7 rTg4510 6 months

(b) mAbO0S5 rTg4510 3 months mAbO00S5 rTg4510 6 months

Figure 3. (a) The spatial distribution of overexpressed human tau (detected by HT7) in rTg4510 mice, at
3 and 6 months old. The neocortex, subiculum (Sub), hippocampal CA1 and CAS3 regions are shown. In
CALl at 3 months, tau is highly expressed in neuronal somas in stratum pyramidale (SP) and relatively
weak in the neuropil layers of stratum oriens (SO), stratum radiatum (SR), and stratum lacunosum
moleculare (SLM). (b) mADbOOS5 reactivity is very low in neuronal somas at 3 months, especially in the SP
layer of CAl and CAS3, but relatively strong in the neuropil layers. At 6 months, mAbOO5 reactivity is
strong in neuropils and the somas of tangle-bearing neurons.
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Figure 4. Immunohistochemistry of tau monoclonal antibodies (mAb series) and AT8 in the prefrontal
cortex of AD subject (Braak stages Il to VI) and non-demented (ND) subjects (Braak stages I to IlI).
mADbO0O05 immunoreactivity is prevalent in Braak stage I11/1V AD subjects but largely missing in stage
V/VI AD subjects. AT8 immunoreactivity increases with advanced Braak stages.
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Figure 5. Immunohistochemistry of tau monoclonal antibodies (mADb series) and AT8 against different
brain regions of PSP subjects: (a) putamen; (b) globus pallidus; (c) nucleus basalis of Meynert.
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Figure 6. (a) rTg4510 brain lysate induces tau-GFP aggregation (green channel) in HEK cells (blue
channel, DAPI staining), which is partially blocked by pre-incubation of mAb0O05 with brain lysates. The
inhibition curve is shown with error bars representing standard deviations (n=3). (b) mAbO0O5 injection
partially rescues neuronal loss in the CA1 and dentate gyrus of rTg4510 mice, as quantified by % area of
NeuN-positive staining in stratum pyramidale. (¢) Quantification of total human tau (HT7), pTau (AT8),
esoTau (MAbO05), and synaptophysin levels in the brain lysates of rTg4510 mice injected with mAb005
antibody (n=13-15 per group; one-way ANOVA with Dunnett’s test: *p<0.05; **p<0.01, ***p<0.005).
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Supplementary Materials

Table S1. Human subjects for neuropathological examination

Diagnosis Case # Age Sex Braak Stage DI; lsgltl}e]
AD 14-11 82 M Vv frequent
AD 14-34 97 F v frequent
AD 16-27 94 F VI frequent
AD 17-14 95 F 111 frequent
ND control 01-31 81 M 11 sparse
ND control 02-27 86 M I sparse
ND control 06-66 78 M 111 sparse
ND control 17-19 53 F II Zero
PSP 00-19 64 M n/a Zero
PSP 04-14 83 M n/a Zero
PSP 04-59 93 M n/a moderate
PSP 05-38 80 M n/a Zero
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Figure S1. Immunoblotting of monoclonal tau antibodies (mAb series) against: (a) brain total lysates of
non-demented (ND) and AD subjects; (b) sarkosyl-soluble (S1) and insoluble (P2) fractions of AD brain
extracts; (c) brain total lysates of wild-type and rTg4510 mice.
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Figure S2. Discontinuous sucrose gradient centrifugation of brain extracts from non-demented (ND) and
AD subjects, analyzed by: (a) SDS-PAGE and immunoblotting analysis against human tau (HT7); (b) Dot
blotting using tau monoclonal antibodies (mAb series), total tau (HT7), pTau (AT8), synaptophysin (SYP),
and GAPDH.
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Fig S3. Characterization of tau monoclonal antibodies (mAb series) using hippocampal tissues of AD
subjects and non-demented (ND) controls. mAbOO5 immunoreactivity is prevalent in Braak stage 111-V
AD subjects but very weak in Braak stage VI.
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Fig. S4. (a) Detection of tau species by human tau antibody (HT7) and mADbOO5 in human brain lysates.
Regions analyzed: midbrain (Mid), thalamus (Tha), putamen (Put), superior frontal gyrus (SFG), frontal
cortex (FC), and cerebellum (Cbl). The subjects included non-demented (ND), PSP, CBD, and AD cases.
(b) Dot blot analysis against pTau (AT8). (c) Dot blot characterization for tau monoclonal antibodies.
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