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ABSTRACT OF THE DISSERTATION

Structure-based Design
of Diagnostics and Therapeutics

for Neurodegenerative Diseases

by

Hope Pan
Doctor of Philosophy in Molecular Biology
University of California, Los Angeles, 2024

Professor David S. Eisenberg, Chair

Alzheimer’s disease (AD) and Parkinson’s disease (PD) are the most common
neurodegenerative diseases. Although AD is a disease of dementia and PD is predominantly a
motor disease, both diseases are characterized by histological hallmarks formed from
aggregates of amyloid-forming proteins. Amyloid plaques and neurofibrillary tangles, composed
of amyloid-f and tau respectively, are the hallmarks of AD while Lewy bodies, composed of a-
synuclein (a-syn), are the hallmarks of PD. Amyloid-forming proteins such as amyloid-$, tau,
and a-syn are soluble and functional in their monomeric state. They can misfold and aggregate
into fibrils, which themselves aggregate to form amyloid plaques, neurofibrillary tangles, and
Lewy bodies. There is a tight correlation between neurofibrillary tangle formation and
progression of AD, and between Lewy body formation and progression of PD, so it has long
been hypothesized that amyloid fibrils are toxic and contribute to the pathogenesis of AD and

PD. Supporting this hypothesis are studies demonstrating that existing amyloid fibrils can
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propagate or “seed” the formation of additional fibrils among cultured cells and in mice. Using
the wealth of atomic resolution structures of amyloid fibrils determined by x-ray crystallography
and cryo-electron microscopy, the Eisenberg group has designed peptides, antibodies, and
small molecules that target tau and a-syn fibrils. In this dissertation research, | focus on
characterizing three of these structure-based designs as potential diagnostics and therapeutics
for AD and PD. First, | characterize magnetic nanoparticles functionalized with an a-syn-
targeting peptide and determine that they can be used as an MRI contrast agent to distinguish
mice with a-syn pathology from wild-type control mice. Second, | characterize a bivalent
nanobody that can inhibit seeding by post-mortem brain extracts from AD patients and
determine it can cross the blood-brain barrier in mice. Third, | characterize three small
molecules that can disaggregate AD brain-extracted fibrils and determine that they can each
reduce levels of aggregated tau in mice with tau pathology. Together, the studies in this
dissertation demonstrate the potential of using structure-based design of diagnostics and

therapeutics for diseases caused by the misfolding of amyloid-forming proteins.
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CHAPTER 1

Introduction

During my graduate training, | had the opportunity to work on multiple projects. Tying these
different projects together is the common theme of structure-based design of diagnostics and

therapeutics for diseases caused by the misfolding of amyloid-forming proteins.

Chapter 2 is a reprint of the manuscript currently under review titled “Liganded magnetic
nanoparticles for magnetic resonance imaging of a-synuclein”. This work was co-authored by
me and Dr. Melinda Balbirnie. Melinda identified a 25-residue peptide, R8, that can bind o-
synuclein. She functionalized a magnetic nanoparticle with this peptide, forming R8-LMNPs, and
found that R8-LMNPs can bind ex vivo fibrils extracted from the brains of dementia with Lewy
bodies (DLB) and multiple systems atrophy (MSA) patients. | administered R8-LMNPs to mice
with a-synuclein pathology and found that they can cross the blood-brain barrier with mannitol
adjuvant. With Dr. Ke Hou and Dr. Naomi Sta. Maria, | performed magnetic resonance imaging
(MRI) of mice with a-synuclein pathology and found that R8-LMNPs can be used an MRI
contrast agent to distinguish mice with a-synuclein pathology from wild-type controls. The work
in this chapter provides evidence for the potential of magnetic nanoparticles that target a-

synuclein for diagnosis of synucleinopathies.

Chapter 3 is a reprint of the published manuscript titled “Structure-based design of nanobodies
that inhibit seeding of Alzheimer’s patient-extracted tau fibrils”. This work was co-authored by
Dr. Romany Abskharon and me. Romany grafted tau-capping peptide inhibitors, designed by
Dr. Paul Seidler, into the complementarity determining region 3 of a nanobody scaffold to create

tau-capping nanobodies. These nanobodies block seeding by post-mortem brain extracts from
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Alzheimer’s disease (AD) and progressive supranuclear palsy (PSP) patients in a tau
aggregation cell culture model. Romany then designed a bispecific nanobody composed of a
nanobody that targets a receptor on the blood-brain barrier and a tau capping nanobody
inhibitor, conjoined by a flexible linker. With Eileen Oliveras, | administered the bispecific
nanobody to wild-type mice and determined that they can cross the blood-brain barrier using
quantitative liquid chromatography-tandem mass spectrometry. The work in this chapter
suggests that structure-based design of nanobodies that target sequences that drive protein
aggregation may be a promising approach to inhibit seeding of tau in AD and related

tauopathies.

Chapter 4 is a reprint of a manuscript in preparation titled “Structure-based discovery of small
molecules that disaggregate tau fibrils in a mouse model of tauopathy”. This work was co-
authored by me and Xinyi Cheng. In a previous study, Dr. Paul Seidler, Dr. Kevin Murray, and
Dr. David Boyer discovered a small molecule, CNS-11, that can prevent seeding by AD post-
mortem brain extract in a tau aggregation cell culture model and can disaggregate AD brain-
derived fibrils in vitro. With Tyler Halladay, | discovered that eight weeks of treatment with CNS-
11 significantly reduced levels of insoluble tau in the hippocampus of mice with tau pathology.
With Jeffrey Zhang, Xinyi screened four chemical analogs of CNS-11 and identified two that can
disaggregate AD brain-derived fibrils in vitro and can prevent seeding by AD post-mortem brain
extract in a tau aggregation cell culture model: CNS-11D and CNS-11G. With Dr. Ke Hou, |
discovered that eight weeks of treatment with either CNS-11D or CNS-11G significantly reduced
levels of insoluble tau in the hippocampus of mice with tau pathology. This work in this chapter
suggests the potential of structure-based discover of small molecules for targeting tau in AD and

related tauopathies.
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Abstract

Aggregation of the protein a-synuclein (a-syn) is the histopathological hallmark of
neurodegenerative diseases such as Parkinson’s disease (PD), dementia with Lewy bodies
(DLB), and multiple system atrophy (MSA), which are collectively known as synucleinopathies.
Currently, patients with synucleinopathies are diagnosed by physical examination and medical
history, often at advanced stages of disease. Because synucleinopathies are associated with a-
syn aggregates, and a-syn aggregation often precedes onset of symptoms, detecting a-syn
aggregates would be a valuable early diagnostic for patients with synucleinopathies. Here, we
design a liganded magnetic nanoparticle (LMNP) functionalized with an a-syn-targeting peptide
to be used as a magnetic resonance imaging (MRI)-based biomarker for a-syn. Our LMNPs
bind to aggregates of a-syn in vitro and can be used to distinguish mice with a-synucleinopathy
from age-matched, wild-type mice by MRI in vivo. These results provide evidence for the
potential of magnetic nanoparticles that target a-syn for diagnosis of synucleinopathies.

(149/150 words)

Teaser

Liganded magnetic nanoparticles offer a possible early diagnostic for Parkinson’s and related

diseases. (103/125 characters)

Introduction

Parkinson’s disease (PD) is a neurodegenerative disease that affects nearly 1 million people in
the United States and more than 6 million people worldwide(7). PD occurs when dopaminergic

neurons in the substantia nigra die or lose their function, causing motor symptoms in patients
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such as bradykinesia, or slowness, tremor, stiffness, and walking and balance problems(2). In
patients of older age or with longer duration of PD, cognitive impairment and dementia can also
develop (PD with dementia, or PDD)(3). Histologically, PD is characterized by the formation of
Lewy bodies in neurons of the substantia nigra, composed of the protein a-synuclein (a-syn)(4).
There is a tight correlation between a-syn aggregation and progression of PD(5), so it has been
hypothesized that there is a causative link between a-syn aggregation, its toxicity to
dopaminergic neurons, and onset of motor symptoms(6-9). Aggregation of a-syn is a
histological hallmark of other, rarer neurodegenerative diseases, including dementia with Lewy
bodies (DLB), in which Lewy bodies are found in neurons similarly to PD(70), and multiple
system atrophy (MSA), in which a-syn aggregates are found in glial cells(77). Together, these

neurodegenerative diseases are termed synucleinopathies(6).

Currently, patients are diagnosed with PD using a combination of medical history and physical
exam findings. There are no biomarkers in blood, CSF, or medical imaging that can definitively
confirm the diagnosis of PD or measure the progression of disease. Medical nuclear imaging,
such as single-photon emission computed tomography (SPECT) and positron emission
tomography (PET), can provide additional information for the diagnosis and stage of the
disease, as well as biodistribution images of radiotracer targets with high specificity. Clinicians
can order a Dopamine Transporter Scan (DaT scan) in which a radio-labeled agent with high
affinity for dopamine transporters is administered and detected by single-photon emission
computed tomography (SPECT) to measure the loss of dopaminergic neurons. However, the
DaT scan is not completely predictive of PD and is best used to validate a clinical diagnosis(72).
Recently, progress has been made in pre-clinical development of positive emission tomography
(PET) tracers that can track a-syn in vivo(13) (14, 15) and be used as a diagnostic for PD.

These nuclear imaging procedures involve ionizing radiation, therefore, the number of times
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they can be repeated is limited to minimize the effective dose a patient is exposed to.
Radiologists and physicians must consider the risks and benefits of performing repeated
ionizing procedures to diagnose, stage, and inform the patient(76)(77). Alternatively, magnetic
resonance imaging (MRI) is non-ionizing, less expensive, and has greater availability than PET
(40.4 MRI scanners vs. 5.5 PET scanners per million people in the United States(78)). Further,

MRI can provide high spatial resolution images that cannot be achieved in nuclear imaging.

MRI can take advantage of its high sensitivity to the paramagnetic effects of iron oxide
nanoparticles. Iron oxide MNPs create local magnetic field inhomogeneities, shortening the
relaxations times measured by MRI (T2 and T2*), and its presence in tissues results in
hypointense regions in the images(79, 20). The relaxation rates R2 (1/T2) and R2* (1/T2*) are
directly proportional to iron concentration in tissues and have been used to accurately estimate
liver and heart concentrations in healthy and disease states(27-23). Recently, there has been
demonstrated potential for liganded iron-oxide nanoparticles to function as an MRI contrast
agent for brain metastases(24) and neurodegenerative disease(79, 25). Iron oxide nanoparticles
can cross the blood brain barrier (BBB)(25), are non-toxic(26) and non-radioactive, and have
sufficient magnetic contrast to be visible by MRI. Iron oxide nanoparticles are already FDA
approved and used off-label for MRI(27, 28). Functionalizing magnetic nanoparticles to target
alpha-synuclein can potentially provide a non-invasive, highly sensitive, repeatable imaging

procedure that is readily translatable to the clinic.

In this study, our goal is to develop a safe and effective diagnostic for PD using an MRI-based
agent that targets aggregates of a-syn in the brain. Our agent, which we call liganded magnetic

nanoparticles (LMNPs), consists of a dextran-coated iron-oxide nanoparticle conjugated to
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peptide ligands designed to target a-syn. Our LMNPs bind to aggregates of a-syn in vitro, cross
the blood-brain barrier in mice with mannitol adjuvant, and can be used as an MRI contrast
agent to distinguish mice with a-synucleinopathy from age-matched, wild-type control mice in
vivo. Because formation of a-syn aggregates often precedes the onset of symptomatic PD(6),
this biomarker would enable early detection of PD well before clinical symptoms appear. In
addition, our MRI contrast agent would be more amenable to longitudinal studies, whereas the

amount of exposure to radiation limits the number of PET scans a patient can safely undergo.

Results
Rational design of an 11-residue peptide that binds recombinant a-syn

The NACore (*8GAVVTGVTAVA™) is a region of a-syn critical for its aggregation and
pathology(29). In a previous study, we applied computational and structure-based approaches
to identify a 24-residue peptide (24mer) composed of GAVVWGVTAYV, designed to bind to the
NACore, and GRKKRRQRRRPQ, a cell penetrating peptide(30, 37), conjoined by a two lysine
linker. 24mer binds recombinant a-syn fibrils and prevents aggregation of recombinant a-syn in

vitro(32).

In this study, we sought to pursue a similar approach to generate peptides with greater affinity
for binding a-syn. First, we modified the top and bottom strands of the NACore
(*®GAVVTGVTAVA®) beta-sheet structure at positions 68, 70, 72, and 74, one at a time and
then in pairs. These NACore variants were modified in Coot in CCP4(33) and then energy
minimized in Rosetta(34) to find potential capping inhibitors. We also looked for peptides that
would block the addition of more beta-strands to the N- and C- termini of the beta-sheet by

extending the a-syn sequence N-terminally or C-terminally by two residues. In addition, terminal
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arginines were added to aid in the solubility of the peptide. Through an iterative process, we
identified a 25-residue peptide composed of the resulting peptide, RVGGARVWGVR, and
GRKKRRQRRRPQ, a cell penetrating peptide, conjoined by a two-lysine linker. We called this

peptide R8 (Figure 1A).

As with 24mer, R8 bound a-syn fibrils. We coated a 96-well plate with a-syn fibrils and monomer
and performed an enzyme-linked immunosorbent assay (ELISA) to assess binding of R8 and
24mer at various concentrations. Both R8 and 24mer preferentially bound a-syn fibrils over
monomer (Figure 1B, Supplementary Figure 1A). When comparing R8 and 24mer binding of
a-syn fibrils, R8 bound a-syn fibrils more strongly than 24mer at lower concentrations of 3.55
uM and 0.71 uM, demonstrating that R8 is an improved design for binding a-syn fibrils

compared to 24mer (Supplementary Figure 1B).

Next, we measured the binding affinity of R8 and 24mer for a-syn fibrils using surface plasmon
resonance (SPR) (Supplementary Fig 2). For SPR experiments, we immobilized short,
sonicated a-syn fibrils on a CM5 SPR chip and measured fibril-binding affinities of R8 and
24mer at concentrations ranging from 0.3 yM to 10 yM. SPR measurements showed an
increase in SPR signal (response units) with an increase in inhibitor concentration for both R8
(Supplementary Figure 2A) and 24mer (Supplementary Figure 2B). The equilibrium
dissociation constant (Kq) was calculated by steady state analysis. The apparent K4 for R8 and
24mer were determined to be 0.47 yM and 3.7 uM, respectively, demonstrating that R8 was an
improved design for binding a-syn fibrils compared to 24mer. These apparent Kys are for a

single peptide binding to a fibril.



Liganded nanoparticles bind recombinant a-syn fibrils, DLB brain-derived fibrils, and

MSA brain-derived fibrils in vitro

We purchased 10 nm, dextran-coated, amine-functionalized iron oxide magnetic nanoparticles
(amine MNPs). We used Sulfo-NHS and EDC crosslinking chemistry to couple R8 with the
amine MNPs and create R8-liganded magnetic nanoparticles (R8-LMNPs) (Figure 2A,
Supplementary Figure 3A). Before and after conjugation, amine-functionalized MNPs
(Supplementary Figure 3B) and R8-LMNPs (Supplementary Figure 3C) were homogenous
and well-dispersed. When an equal volume of amine-functionalized MNPs and R8-LMNPs were
blotted onto a nitrocellulose membrane, R8-LMNPs spread less far on the nitrocellulose
membrane, indicating a change in functionalization of the nanoparticle (Supplementary Figure
3D). When the membrane was probed with an antibody for dextran both amine-functionalized
MNPs and R8-LMNPs were detected. When the membrane was probed with an antibody for the
cell penetrating peptide, only R8-LMNPs were detected, demonstrating successful conjugation
of R8 to MNPs (Supplementary Figure 3D). For comparison, 24mer-LMNPs were constructed

following the same protocol.

We first assessed binding of R8-LMNPs and 24mer-LMNPs to recombinant a-syn fibrils. We
coated a 96-well plate with a-syn fibrils and monomer and performed an ELISA of R8-LMNPs
and 24mer-LMNPs at various concentrations. As for both R8 and 24mer alone, both R8-LMNPs
and 24mer-LMNPs preferentially bind a-syn fibrils over monomer (Figure 2B, Supplementary
Figure 3E). R8-LMNPs bound equally well as 24mer-LMNPs at roughly 70% of the
concentration of 24mer-LMNPs, demonstrating that R8-LMNPs bind a-syn fibrils more strongly
than 24mer-LMNPs (Figure 2B). In addition, we attempted to measure the binding affinity of
R8-LMNPs and 24mer-LMNPs for a-syn fibrils using SPR. The LMNPs bound so strongly to a-

syn fibrils on the SPR chip that they would not dissociate from the chip, so it was not possible to
9



calculate a K4 for R8-LMNPs or 24mer-LMNPs. Finally, we incubated recombinant a-syn fibrils
(50 uM) with R8-LMNPs (10 ug/mL) for 2 hours on ice and visualized them by electron
microscopy (Figure 2C). The LMNPs, which are electron-dense, appeared as dark circles

surrounding the negatively stained a-syn fibrils (as indicated by black arrows).

We next assessed R8-LMNP binding to ex vivo brain-derived fibrils. We extracted fibrils from the
brains of a patient with dementia with Lewy bodies (DLB) and a patient with multisystem atrophy
(MSA) (Supplementary Table 1) and confirmed they were a-syn fibrils by immuno-gold labeling
with a-syn antibody LB509 (Supplementary Figure 4A-B). We incubated DLB brain-derived
fibrils or MSA brain-derived fibrils with R8-LMNPs (3 pg/mL) at 4°C overnight and visualized
them by electron microscopy. We observed a mixture of 5 nm and 10 nm fibrils among both DLB
brain-derived fibrils and MSA brain-derived fibrils, consistent with those observed in previous
studies (35, 36). R8-LMNPs bound strongly to 5 nm DLB brain-derived fibrils (Figure 2D) and
modestly to 10 nm DLB brain-derived fibrils (Supplementary Figure 4C). R8-LMNPs bound
strongly to both 5 nm and 10 nm MSA brain-derived fibrils (Figure 2E). Unconjugated, amine-
functionalized MNPs did not bind MSA brain-derived fibrils (Supplementary Figure 4D),
demonstrating that a-syn fibril binding by R8-LMNPs is a result of conjugation with the R8
peptide. As a second method to verify R8-LMNP binding, we performed double labeling of DLB
brain-derived fibrils or MSA brain-derived fibrils with a-syn antibody LB509 (and secondary
antibody conjugated to 6 nm gold) and R8-LMNPs (10 nm iron oxide nanoparticles). We
visualized both sizes of nanoparticles binding the DLB brain-derived fibrils (Supplementary

Figure 4E) and MSA brain-derived fibrils (Supplementary Figure 4F).
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Next, we assessed the specificity of R8-LMNPs for a-syn fibrils. We extracted fibrils from the
brain of an Alzheimer’s disease (AD) patient (Supplementary Table 1). We performed double
labeling of AD brain-derived fibrils with a-syn antibody LB509 (and secondary antibody
conjugated to 6 nm gold) and R8-LMNPs (10 nm iron oxide nanoparticles). LB509 did not bind
to AD brain-derived fibrils, demonstrating that they were not a-syn fibrils, and R8-LMNPs did not
bind fibrils with a paired helical filament morphology, indicating that R8-LMNPs do not bind to
tau fibrils (Figure 2F). To assess whether R8-LMNPs bind amyloid- fibrils, we performed
immuno-gold labeling of AD brain-derived fibrils with amyloid-p antibody D52D2
(Supplementary Figure 4G). We also performed double labeling of AD brain-derived fibrils with
amyloid-f3 antibody D54D2 (and secondary antibody conjugated to 12 nm gold) and R8-LMNPs
(10 nm iron oxide nanoparticles). We visualized both sizes of nanoparticles binding some AD

brain-derived fibrils, indicating non-specific binding to amyloid-3 (Supplementary Figure 4H).

R8-LMNPs cross the blood-brain barrier of M83 mice with mannitol adjuvant

Once we demonstrated that R8-LMNPs could target a-syn fibrils in vitro, we began
characterizing R8-LMNP localization in a live mouse model of PD. We chose the M83 model of
a-synucleinopathy, which are transgenic mice expressing the human A53T variant a-syn in
central nervous system neurons(37). By 16 months of age, homozygous M83 mice develop
severe motor impairment and widely distributed a-syn inclusions, especially in the spinal cord,
brainstem, cerebellum and thalamus. Heterozygous M83 mice develop these symptoms and a-

syn inclusions around 22 to 28 months of age(37).

To assess the brain penetration of R8-LMNPs in M83 mice, we administered 24 uL of 2%

mannitol intranasally to aid with blood-brain barrier penetration(38) and immediately
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administered R8-LMNPs by tail vein injection (10 mg/kg) to two 20-month-old, male,
heterozygous M83 mice. After six hours, we euthanized the mice via transcardiac perfusion and
collected their brain tissue. The brain tissues were fixed, embedded, and cut into ultrathin
sections with an ultramicrotome. The ultrathin sections were put on copper grids, stained with
uranyl acetate and lead citrate, and then observed using transmission electron microscopy. In
the brainstem of mice that received R8-LMNPs, electron-dense spots were visible near axons
and neuron cell bodies (Figure 3A-B, lower magnification images in Supplementary Figure
5A). When measured, some electron-dense spots were larger than 10 nm in diameter and
others were smaller than 10 nm, with an average diameter between 9.27 nm and 10.99 nm

(Supplementary Fig 5C).

Mice that did not receive administration of R8-LMNPs were also euthanized and their tissue was
used as a control. In control tissue, there were also electron-dense spots visible (Figure 3C-D)
near axons and neuron cell bodies (Figure 3C-D, lower magnification images in
Supplementary Figure 5B). When measured, all electron-dense spots in control tissue were
smaller than 10 nm, with an average diameter between 4.69 and 4.76 nm (Supplementary
Figure 5D). The average diameter of the electron-dense spots in brains of mice that did not
receive R8-LMNPs is significantly lower than the average diameter of electron-dense spots in
brains of mice that did receive R8-LMNPs (Figure 3E). Because R8-LMNPs were 10 nm in size,
we hypothesized that only the electron-dense spots larger than 10 nm in diameter correspond to

R8-LMNPs.

In addition, in mice that received R8-LMNPs, electron-dense spots were visible in the

cerebellum (Supplementary Figure 6A-B, lower magnification images in Supplementary
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Figure 7A) and hippocampus (Supplementary Figure 6C-D, lower magnification images in
Supplementary Figure 7B). When measured, some electron-dense spots were larger than 10
nm in diameter and others were smaller than 10 nm, with an average diameter between 7.70
nm and 9.81 nm in the cerebellum, and 5.99 and 6.44 nm in the hippocampus. The number of
electron-dense spots larger than 10 nm in diameter varied between brain regions. There were
many electron-dense spots larger than 10 nm in diameter in the brainstem, less in the
cerebellum, and only a few, if not zero, in the hippocampus. These findings correlated with the
abundance of a-syn pathology in each brain region, with the brainstem and the cerebellum

developing a-syn pathology and the hippocampus developing no a-syn pathology.

Finally, as an additional measurement to verify that R8-LMNPs were present in the brain tissue,
we performed energy-dispersive X-ray spectroscopy on the stained tissue (Supplementary
Figure 8A). The most abundant elements detected by percent weight were lead, uranium,
carbon, osmium, iron, copper, chloride, arsenic, and oxygen (Supplementary Figure 8B). Lead
and uranium were present in the lead citrate and uranyl acetate used to negatively stain the
tissue. Osmium, chloride, and arsenic were present in the osmium tetroxide and cacodylate
buffer used to fix the tissue. Copper was present in the grid the tissue was fixed on, and carbon
and oxygen were present in the tissue itself. The high abundance of iron verified that R8-LMNPs

were present in the brain tissue.

R8-LMNPs remain in brains of M83 mice after 48 hours

Next, we assessed the pharmacokinetic properties of R8-LMNPs in M83 mice using inductively
coupled plasma mass spectrometry (ICP-MS). We administered R8-LMNPs by tail vein injection

(10 mg/kg) immediately following intranasal administration of mannitol to 12-month-old, male,
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heterozygous M83 mice. We euthanized the mice via transcardiac perfusion at 1 hour, 2 hours,
4 hours, 6 hours, 8 hours, 24 hours, and 48 hours of administration (n = 3 mice per time point)
and collected their brain tissue. We also euthanized and collected brain tissue from 12-month-
old, male, heterozygous M83 mice that did not receive R8-LMNPs to serve as a baseline (0
hour time point, n = 3 mice). We then measured the iron levels in the brain tissue using ICP-MS
(Supplementary Figure 9). From one to eight hours after administration of R8-LMNPs, iron
levels increased in the brains of M83 mice. At 24 hours and 48 hours after administration of R8-

LMNPs, iron levels plateaued but were still approximately 50% higher than those at baseline.

R8-LMNPs can be used as an MRI contrast agent to distinguish M83 mice from age-

matched, wild-type control mice

After determining that R8-LMNPs cross the blood-brain barrier in M83 mice with mannitol
adjuvant, we sought to characterize their potential use as an MRI contrast agent to distinguish
M83 mice from age-matched, wild-type controls. Iron oxide MNPs create local magnetic field
inhomogeneities, causing an increase in R2 and R2* relaxation rates on MRI(79, 20). First, we
acquired MR images of various concentrations of R8-LMNPs and amine-functionalized MNPs in
water on a 7T MRI (MR Solutions). Within the range of 5 to 25 ug/mL, R8-LMNPs and amine-
functionalized MNPs cause a linear increase in R2 (Supplementary Figure 10A-B) and R2*

(Figure 4A-B) relaxation rates.

Next, we examined whether the increase in R2 or R2* relaxation rate in M83 mice after
administration of R8-LMNPs would be significantly greater than the increase in R2 or R2*
relaxation rate in wild-type controls. We chose to measure differences in R2 or R2* relaxation

rates in the brainstem (defined in Supplementary Figure 10C), a region with abundant a-syn
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aggregates in aged M83 mice(37). We administered R8-LMNPs by tail vein injection (10 mg/kg)
immediately following intranasal administration of mannitol to one 22-month-old, female,
heterozygous M83 mouse and one 22-month-old, female wild-type mouse with the same
genetic background (B6C3F1/J). We acquired MR images of their brains at baseline, 8 hours,
24 hours, 36 hours, 48 hours, and 120 hours post-administration. We observed an increase in
the average R2 relaxation rate in the brainstem of both the M83 mouse and the wild-type control
from 0 to 48 hours (Supplementary Figure 10D). By 120 hours, the average R2 relaxation rate
in the brainstem of the wild-type control mouse had returned to baseline levels, whereas the
average R2 relaxation rate in the brainstem of the M83 mouse was still elevated

(Supplementary Figure 10D).

To assess whether these differences between M83 mice and wild-type controls would be
observed in a larger group, we administered R8-LMNPs by tail vein injection (10 mg/kg)
immediately following intranasal administration of mannitol to 22-month-old, female,
heterozygous M83 mice (n = 5) and age-matched, female wild-type mice (n = 3). In addition, we
administered amine-functionalized MNPs by tail vein injection (10 mg/kg) immediately following
intranasal administration of mannitol to 22-month-old, female, heterozygous M83 mice (n = 5).
The greatest differences in average R2 relaxation rate between the M83 mouse and the wild-
type control mouse in the longitudinal experiment was at 48 and 120 hours post-administration,
so we acquired MR images of the larger group at baseline, 48 hours, and 120 hours post-

administration.

At 48 hours after administration of R8-LMNPs, we observed that the absolute difference

(Supplementary Figure 11) and % difference (Figure 4C-D, Supplementary Figure 12) in
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average R2* relaxation rate in the brainstem of M83 mice was significantly greater than the
absolute difference and % difference in average R2* relaxation rate in the brainstem of wild-type
control mice. This difference demonstrates that R8-LMNPs can be used as an MRI contrast

agent to distinguish M83 mice from age-matched, wild-type controls.

At 48 hours after administration of MNPs, the absolute difference (Supplementary Figure 11)
and % difference (Figure 4C-D, Supplementary Figure 13) in average R2* relaxation rate in
the brainstem of M83 mice that received amine-functionalized MNPs was significantly greater
than the % difference in average R2* relaxation rate in the brainstem of M83 mice that received
R8-LMNPs. This difference indicates that functionalization with the R8 peptide is required to

observe MRI contrast in the brainstem.

In addition, we measured differences in R2* relaxation rate in the hippocampus (defined in
Supplementary Figure 10C), a region that does not develop a-syn aggregates in aged M83
mice(37). At 48 hours and 120 hours after administration of R8-LMNPs, we did not observe a
significantly different increase in the average R2* relaxation rate in the hippocampus of M83
mice or wild-type control mice (Supplementary Figure 14). This finding indicates that the
significant decrease in average R2* relaxation rate is limited to regions with abundant a-syn

aggregates.

Finally, after MR imaging, we euthanized the mice via transcardiac perfusion and collected and
fixed their brain tissue. We performed post-mortem immunohistochemistry on fixed brain tissue
sections and observed that there was a-syn pathology in the brainstem, consistent with the

increase in average R2* relaxation rate observed by MRI (Supplementary Figure 15).
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R8-LMNPs do not distinguish 5xFAD mice or PS19 mice from wild-type control mice

To investigate whether R8-LMNPs bind to tau or amyloid-f aggregates in vivo, we assessed
whether R8-LMNPs can distinguish 5xFAD mice and PS19 mice from wild-type control mice.
5xFAD mice develop amyloid-f3 pathology deep cortex and subiculum as early as two months of
age(39). PS19 mice develop hyperphosphorylated tau inclusions after six months of age(40),
and young PS19 mice can be seeded by intracranial injection of tau fibrils to rapidly induce tau
pathology(41, 42). We administered R8-LMNPs by tail vein injection (10 mg/kg) immediately
following intranasal administration of mannitol to 5.5-month-old, male, heterozygous 5xFAD
mice (n = 3) and 5-month-old, male, heterozygous PS19 mice seeded with AD brain-extracted
tau fibrils in the left and right hippocampus (n = 4). We acquired MR images at baseline, 48

hours, and 120 hours post-administration.

At 48 hours and 120 hours after administration of R8-LMNPs, we observed that there was an
increase in average R2* relaxation rate in the cortex of 5XxFAD mice, indicating possible non-
specific binding of R8-LMNPs to amyloid-g (Supplementary Figure 16A-B). However, the
increase in average R2* relaxation rate was not significantly greater than the increase in
average R2* relaxation rate in the cortex of wild-type control mice (Supplementary Figure
16C). Regardless of possible non-specific binding of R8-LMNPs, there is no increase in R2* in
the brainstem of 5xFAD mice, allowing 5xFAD and M83 to be distinguished by the region of

brain pathology.

At 48 hours and 120 hours after administration of R8-LMNPs, we observed that there was no

significant increase in average R2* relaxation rate in the hippocampus of AD brain-seeded PS19
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mice compared to wild-type control mice, indicating no non-specific binding of R8-LMNPs to tau

(Supplementary Figure 17).

Discussion

Aggregation of the protein a-synuclein (a-syn) is a histological hallmark of multiple
neurodegenerative diseases collectively known as synucleinopathies, including Parkison’s
disease (PD), PD with dementia (PDD), dementia with Lewy bodies (DLB), and multiple
systems atrophy (MSA)(4, 710, 11). In this study, our goal was to develop a liganded magnetic
nanoparticle (LMNP) that could target fibrillar aggregates of a-syn in the brain and be used as

an MRI contrast agent for the diagnosis of PD and other synucleinopathies.

First, we identified a 25 residue peptide, which we termed R8, composed of an a-syn targeting
peptide and a cell penetrating peptide, conjoined by a two-lysine linker. R8 preferentially binds
to a-syn fibrils over monomers (Figure 1), and the apparent K4 for R8 binding to a-syn fibrils
was measured as 0.47 uM (Supplementary Figure 2). We coupled R8 with the amine-
functionalized magnetic nanoparticles (MNPs) to create R8-liganded magnetic nanoparticles
(R8-LMNPs). R8-LMNPs preferentially bind to a-syn fibrils over monomers and R8-LMNPs bind

to recombinant a-syn fibrils, DLB brain-derived fibrils, and MSA brain-derived fibrils (Figure 2).

We administered R8-LMNPs by tail vein injection following intranasal administration of mannitol
to aged M83 mice, which are known to develop pathology in the spinal cord, brainstem,
cerebellum, and thalamus. We observed electron-dense, 10 nm-large R8-LMNPs in the brains

of M83 mice (Figure 3), and we observed that R8-LMNPs remain in the brains of M83 mice for
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at least 48 hours (Supplementary Figure 9). Finally, we administered R8-LMNPs by tail vein
injection to M83 mice and age-matched, wild-type control mice and observed that the increase
in average R2* relaxation rate in the brainstem of M83 mice was significantly greater than the
increase in average R2* relaxation rate in the brainstem of wild-type control mice (Figure 4).
These findings demonstrate that R8-LMNPs can distinguish M83 mice from age-matched, wild-
type controls by MRI in vivo and could potentially distinguish human patients with a-syn

pathology from healthy human controls by MRI.

Recent studies have shown that recombinant a-syn fibrils, a-syn fibrils found in patients with
MSA, and a-syn fibrils found in patients with PD/PDD/DLB all have different structural
polymorphs(43-45). We demonstrated that R8-LMNPs can bind to recombinant a-syn fibrils,
DLB brain-derived fibrils, and MSA brain-derived fibrils, so it is unknown whether they
distinguish between polymorphs of a-syn fibrils. However, it is possible that R8-LMNPs could
distinguish between different synucleinopathies by MRI because of the differing distribution of a-
syn aggregates. In PD, Lewy bodies are mostly found in the substantia nigra(4), whereas in
DLB, Lewy bodies are found in both the neocortex and substantia nigra(70). In MSA, glial a-syn
aggregates are found in the substantia nigra, the brainstem, and the cerebellum(77). These
differing distributions, paired with the knowledge that synucleinopathies feature distinct clinical

features(2, 3, 46—50), may still allow for R8-LMNPs to distinguish between synucleinopathies.

There are some limitations to this study. First, R8 binds to a-syn fibrils with an apparent Ky of
0.47 uM, which is weaker than the binding affinity of a-syn PET ligands being investigated(74,
15). However, the nanoparticles have multiple sites for peptide conjugation. Therefore, each R8-

LMNP is a multivalent peptide scaffold, increasing the binding affinity through avidity, as
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demonstrated by SPR experiments in which LMNPs did not release a-syn fibrils on the SPR
chip. In addition, the lower binding affinity of R8 may be compensated by the iron oxide
nanoparticles' paramagnetic properties that are detected by MRI with high sensitivity(24). If
needed, the binding affinity of R8 could be improved with affinity maturation using peptide
display methods(57). Secondly, we observed non-specific binding of R8-LMNPs to amyloid-f3 in
vitro. This result is unsurprising due to the sequence similarity between amyloid-f3 and the non-
amyloid component region of a-syn. However, R8-LMNPs did not distinguish 5xFAD mice from
control mice by MRI, so it is unclear whether R8-LMNPs have non-specific binding to amyloid-
in vivo. In addition, R2* relaxation rates were increased in the cortex of 5xFAD mice and in the
brainstem of M83 mice, allowing them to be distinguished by distribution of pathology. Finally, it
has been established that mouse models of a-synucleinopathy and other amyloidopathies do
not completely replicate human pathology(52). Although our results demonstrated that R8-
LMNPs can distinguish M83 mice from age-matched, wild-type controls by MR, it is possible
that they may not target a-syn pathology and be useful as a contrast agent in humans.
However, our finding that R8-LMNPs can bind to DLB brain-extracted fibrils and MSA brain-

extracted fibrils in vitro suggest promise for in vivo binding as well.

Before R8-LMNPs could be considered for use in humans, additional studies would need to be
done. First, we intranasally administered mannitol to mice to increase BBB permeability
because we wanted to first determine whether R8-LMNPs can bind a-syn fibrils in vivo before
we addressed the question of brain delivery. Now that we have demonstrated that R8-LMNPs
can distinguish between M83 and wild-type mice in vivo, we plan to study whether mannitol is
necessary for effective BBB penetration of R8-LMNPs. Previous studies using similar iron oxide
MNPs as MRI contrast agents have shown that MNPs can cross the BBB without the use of

mannitol(25). However, if further testing reveals that mannitol is necessary for BBB penetration
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of R8-LMNPs, R8-LMNPs and mannitol could be co-administered intravenously, similarly to the
mannitol in the FDA-approved drug Feraheme, which is delivered by intravenous infusion(27).
Secondly, our aim was to develop a LMNP that could be used as a contrast agent for early
diagnosis of a-synucleinopathies; however, we assessed R8-LMNPs in aged M83 mice with
abundant pathology. In future studies, we will assess whether R8-LMNPs increase R2*
relaxation rates in younger M83 mice with less pathology to better characterize the sensitivity of
R8-LMNPs for early stages of pathology. Finally, additional pharmacokinetic and
pharmacodynamic studies will be needed to better characterize the absorption, distribution,
metabolism, and excretion (ADME) of R8-LMNPs. We determined that R8-LMNPs remain in the
brain of M83 mice for at least 120 hours. However, it remains unclear when they are cleared
from the brain, which would affect the frequency of repeat dosing in longitudinal studies. In
addition, it remains unclear whether R8-LMNPs are metabolized after administration, which

would affect their ability to target a-syn pathology in the brain.

In summary, R8-LMNPs bind to recombinant, DLB brain-derived, and MSA brain-derived fibrils

in vitro, cross the blood-brain barrier in M83 mice with mannitol adjuvant, and can be used as an
MRI contrast agent to distinguish M83 mice from age-matched, wild-type controls in vivo. These
results provide evidence for the potential of using liganded magnetic nanoparticles that target o-

syn for the diagnosis of PD and other synucleinopathies.

21


https://www.zotero.org/google-docs/?T0fsHZ
https://www.zotero.org/google-docs/?T0fsHZ
https://www.zotero.org/google-docs/?T0fsHZ

Methods

Expression and purification of recombinant a-syn. Recombinant a-syn was expressed and
purified as previously described(32). The final step in the purification was HPLC Size exclusion
chromatography on a preparative G3000 column (Tosoh Bioscience). The resulting a-syn

monomer was flash frozen in small aliquots for subsequent experiments.

Generation of recombinant a-syn fibrils. Human recombinant a-syn fibrils were grown at 400
uM in PBS at 37°C, shaking in a Torrey Pines shaker, level 9, over three days. Fibril formation
was confirmed by taking a small aliquot, adding thioflavin T, plating in a 96-well plate and
verifying fluorescence with the SpectraMax M5 plate reader (excitation wavelength of 444 nm
and emission wavelength of 485 nm). Additionally, the presence of fibrils was verified by
transmission electron microscopy by diluting the sample to 10 uM and spotting on a glow-

discharged carbon-formvar grid, and imaging, as described above.

Peptide ELISA. Recombinant a-syn monomer and fibrils were plated at 3.5 uM (100 uL/well) in
a high-binding ELISA plate (Greiner, 655061) and placed at 4°C overnight. The next day, wells
were blocked with Superblock T20 (Thermo Fisher Scientific), washed with TBS-T (all TBS-T
washes were three times for 5 minutes each), and then incubated with R8 and 24mer peptides
in PBS (all concentrations in triplicate) for two hours at room temperature. After washing with
TBS-T, wells were incubated with primary antibody mouse N3 anti-HIV-1 tat (Abcam) at a 1:300
dilution for one hour. Wells were washed with TBS-T and then incubated with Goat anti-mouse
HRP (Sigma) diluted 1:5000 for one hour. After washing with TBS-T, wells were treated with
100 uL room temperature TMB-ELISA and left to develop a blue color. Reactions were

quenched with 2 M HCI and absorbance at 450 nm was read on a Spectramax M5 plate reader
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(Molecular Devices)Monomer and fibril wells without added peptide were probed with an anti-a-

syn antibody (BD Transduction Labs, 610787) as a surrogate loading control.

Surface plasmon resonance. SPR experiments were carried out on a BiaCore T200
instrument (GE Healthcare). For preparation of the CM5 conjugated SPR chip (Cytiva), fibrils
were centrifuged at 15000 rpm at 4°C for 45 minutes, and the pellet was resuspended in PBS in
a volume equivalent to the removed supernatant. The fibrils were sonicated, filtered, and
concentrated prior to conjugation to the CM5 chip, as described (ref Sahay and Eisenberg
paper) Peptides were diluted in PBS to concentrations ranging from 300 nM to 10 uM. For R8
and 24-mer peptides, all concentrations were recorded in triplicate. R8 data were collected with
a 60 second contact time, 24-mer data were collected with both 30 and 60 second contact
times. Using the steady state analysis and a 1:1 binding model, the apparent Kd was

determined.

Synthesis of R8-LMNPs. Amine-functionalized iron oxide nanoparticles, 10 nm in size, were
purchased from Creative Diagnostics in New York, USA (WNM-X008). R8 peptide was
synthesized by Genscript (Piscataway, NJ) or LifeTein (Somerset, NJ). 0.5 mg of R8 peptide
was dissolved in 100 yL ultrapure Millipore water and filtered through a 0.22-micron filter. 2 mg
of sulfo-NHS and 0.32 mg of EDC was dissolved in 100 uL activation buffer (0.1 M MES, 0.5 M
NaCl, pH 6.0), respectively, before they were mixed. 100 L sulfo-NHS/EDC mix was added to
the 100 uL peptide solution and kept stirred at room temperature for 15 minutes. Next, 200 ul of
the R8/EDC/NHS solution was mixed with 100 pl 20X PBS and 100 ul 5 mg/ml MNP and
incubated at room temperature for 2 hours. After 2 hours, the solution was kept in a magnetic

separator at 4°C overnight. The next day, the supernatant was removed from the nanoparticles,
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which were adhered to the wall of the Eppendorf tube in the magnetic separator. The
nanoparticles were re-dissolved in 100 yl PBS and the magnetic separation was repeated three
times to wash the nanoparticles. Finally, the nanoparticles were re-dissolved in 100 ul PBS and

stored at 4°C.

Dot bot of amine-functionalized MNPs and R8-LMNPs. 1.5 uL of amine-functionalized MNPs
and R8-LMNPs were blotted onto two nitrocellulose membranes. The membranes were blocked
in 5% milk in TBST for 45 minutes. One membrane was probed with an antibody for dextran
(DX1, STEMCELL Technologies) in 2% milk in TBST (1:500) for 2 hours. The other membrane
was probed with an antibody for the Tat peptide (N3, Invitrogen) in 2% milk in TBST (1:500) for 2
hours. The membranes were washed three times with TBST and then probed with an HRP-
labeled secondary antibody in 2% milk in TBST (1:5000) for 1 hour. The membranes were
washed three times with TBST and then labeled with Thermo Scientific Pierce ECL Western

Blotting Substrate. The dot blot was imaged with an Azure Biosystems imaging system.

Transmission electron microscopy of recombinant fibrils and R8-LMNPs. Recombinant a-
syn fibrils (50 uM) were mixed with R8 peptide-conjugated iron oxide magnetic nanoparticles
(10 ug/mL) on ice for 2 hours and then spotted on freshly glow discharged 400 mesh carbon
formvar grids (Ted Pella, Inc. 01754-F) at a final concentration of 10 uM a-syn . Grids were
washed once in water and then stained for 3 minutes with 2% uranyl acetate, followed by a
second water wash, and then allowed to dry. Grids were imaged at 6800x to 49,000x

magnification on a FEI Tecnai Electron Microscope operating at 120 kV.

24



Extraction of fibrils from DLB brain tissue. Fresh-frozen brain regions of individuals with DLB
were extracted using protocols adapted from Schweighauser et al.(44). Briefly, tissues were
homogenized in 15 vol (v/w) extraction buffer consisting of 10 mM Tris-HCI, pH 7.5, 0.8 M NaCl,
10% sucrose and 1 mM EGTA. Homogenates were brought to 2% sarkosyl and incubated for 30
min at 37 °C. Following a 10 min centrifugation at 10,000g, the supernatants were spun at
100,000g for 22 min. The pellets were resuspended in 1 ml/g extraction buffer and centrifuged
at 3,000g for 5 min. The supernatants were diluted threefold in 50 mM Tris-HCI, pH 7.5,
containing 0.15 M NaCl, 10% sucrose and 0.2% sarkosyl, and spun at 166,000g for 32 min.

Sarkosyl-insoluble pellets were resuspended in 250 pl/g of 30 mM Tris-HCI, pH 7.4.

Extraction of fibrils from MSA brain tissue. Extraction of sarkosyl-insoluble a-syn fibrils from
neuropathologically confirmed brain samples of patients diagnosed with MSA was performed

using the method previously described by Schweighauser et al. without any modifications(44).

Immunogold labeling of DLB or MSA brain-derived fibrils with a-syn antibody. Fibrils were
spotted on a freshly glow discharged carbon formvar 400 mesh grid (Ted Pella, Inc.), blotted
and then blocked in 0.1 % gelatin in PBS for 1 hour at room temp. Grids were then floated on a
50 uL drop of a 1:100 dilution of LB509 (Santa Cruz Biotechnology, sc-58480) in 0.1% gelatin
for 1 hour and then washed 5x in 0.1% gelatin in PBS. Grids were floated on drops containing a
secondary antibody (goat pAb to Ms IgG (6 nm gold) Abcam ab105285) diluted 1:8 in 0.1%
gelatin in PBS for 30 minutes at room temperature, washed 5 x in water, and then stained with
2% uranyl acetate, as previously described(53). For DLB fibrils, 0.1% BSA was substituted for

0.1% gelatin.
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Transmission electron microscopy of DLB or MSA brain-derived fibrils and R8-LMNPs.
Human MSA a-syn fibrils were mixed with R8-LMNPs (3 pug/mL) and incubated at 4°C overnight.
The next day 3 uL of the sample was spotted on a glow discharged carbon formvar 400 mesh
grid and the sample was stained with 2% uranyl acetate, as described above. All grids were
imaged at 6,800x to 49,000x magnification on a FEI Tecnai Electron Microscope operating at

120 kV.

Extraction of fibrils from AD brain tissue. Extraction of sarkosyl-insoluble fibrils from
neuropathologically confirmed brain samples of patients diagnosed with AD was performed
using the method previously described by Fitzpatrick et al. without any modifications(54). The
fibrils were confirmed to be a mixture of tau and amyloid- by immunogold labeling with

amyloid-f3 antibody, D54D2 (Cell Signaling Technology), and tau antibody, Tau-5 (Invitrogen).

Immunogold labeling of AD brain-derived fibrils with amyloid-B antibody. Grids were glow
discharged at 15 mA for 30 seconds using the PELCO easiGlow system. 3 uL of AD brain-
extracted fibrils were spotted on the grids for 3 minutes. Grids were blotted and blocked in 0.1%
BSA in PBS for 10 minutes, transferred to primary antibody (1:50 dilution of D54D2) for 1 hour
at room temp or to blocking buffer (no primary antibody control). Grids were washed 5x in
blocking buffer, transferred to secondary (1:8 Goat pAb to Rabbit IgG (12 nm gold) (Abcam
ab105298) for 30 minutes at room temperature. Grids were washed 5X in water and stained

with 2% uranyl acetate.

Double labeling of DLB, MSA, or AD brain-derived fibrils with a-syn antibody. Grids were

glow discharged at 15 mA for 30 seconds with the PELCO easiGlow system. Brain-extracted
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fibrils were incubated with R8-LMNPs (10 ug/mL) for 4 hours and then spotted on a grid for 4
minutes. Grids were then blocked with 0.1% gelatin in PBS for 10 minutes and transferred to a
1:100 dilution of LB509 diluted in 0.1% gelatin for 1 hour. The grids were washed 5x in 0.1%
gelatin in PBS and then transferred to the secondary antibody (goat pAb to Ms — 6 nm gold,
Abcam ab105285) mixed with R8-LMNPs (15 pg/mL) for 30 minutes at room temperature.
Grids were washed 5x with water and stained with 2% uranyl acetate. For DLB and AD fibrils,

0.1% BSA replaced 0.1% gelatin.

Double labeling of AD brain-derived fibrils with amyloid-B antibody. Double labeling
protocol is the same as for MSA fibrils, except 0.1% BSA in PBS was used in place of 0.1%
gelatin in PBS for blocking and primary antibody was 1:50 dilution of D54D2 (Cell Signaling

Technology, 8243).

LMNP ELISA. LMNP ELISA was carried out in the same manner as the peptide ELISA, except
rather than peptide, R8-LMNPs and 24mer-LMNPs were diluted in PBS and the plates were
probed with primary antibody mouse anti-dextran antibody (Dx1, Stem Cell Technologies) at a
1:300 dilution. Monomer and fibril wells without LMNPs were probed with an anti-a-syn antibody
(BD Transduction Labs 610787) as a surrogate loading control. LMNP concentration was

confirmed using inductively coupled plasma mass spectrometry.

Animal Experiments. All animal experiments were approved by the UCLA Animal Research
Committee and performed under oversight of the Division of Laboratory Animal Medicine
(DLAM) under the IACUC protocol number ARC-2018-086. M83 mice (Jackson Laboratories:

JAX:000664) were housed on a 12-h light—dark schedule. All live animal scans were approved
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and performed at the Functional Biological Imaging Core at the Zilkha Neurogenetic Institute

(University of Southern California) under the IACUC protocol number 20658.

Heterozygous male and female M83 mice or wildtype controls were aged to 12-22 months. Mice
were injected with R8-LMNPs or amine-MNP (10 mg/kg, i.v.) following intranasal administration
of mannitol and then subjected to MR image acquisition (described below). Mice were
euthanized (described below) and brain tissue was collected for transmission electron
microscopy (described below), inductively coupled plasma mass spectrometry (described

below) or immunohistochemical staining (described below).

Euthanasia of mice. Mice were sacrificed by overdose with pentobarbital and then transcardial
perfusion with perfusion buffer (1x PBS with sodium vanadate, leupeptin, aprotinin, pepstatin,
sodium pyrophosphate, sodium fluoride, PMSF). For biochemical studies, the brain was
removed and immediately frozen in liquid nitrogen and stored at -80°C until used. For
histological studies, the brain was removed and underwent three nights post-fixation in neutral
buffered formalin (Thermo Fisher Scientific), transfer to 70% EtOH, and processing and
embedding in paraffin. The blocks were then sectioned into 12-um sections using a microtome

(Leica Biosystems).

Transmission electron microscopy and energy-dispersive X-ray spectroscopy of mouse
brain tissue. Tissue from each region of interest in the mouse brain was dissected, cut into
small blocks, immediately fixed in 2.5% glutaraldehyde + 4% paraformaldehyde in 0.1 M sodium
cacodylate buffer (pH 7.4), and further fixed with 1% osmium tetroxide in 0.1 M cacodylate
buffered solution for 1 hour. The specimens were then dehydrated in 30-100% ethanol. The

tissue specimens were embedded in Epon-Araldite and polymerized at 60 °C for 48 h. The
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samples were cut into ultrathin sections with an ultramicrotome. The ultrathin sections were put
on copper grids (200 mesh) and stained with uranyl acetate and lead citrate and then subjected
to TEM observation using a JEOL 100CX transmission electron microscope with an AMT
Camera System. Nanoparticle diameter was quantified using Imaged. Energy-dispersive X-ray
spectroscopy were carried out with a Titan 80—300 ST electron microscope (FEI Company)
equipped with an extra-brightness field emission gun, an x-ray energy-dispersive detector

(EDS), an electron energy filter and a charge-coupled device (CCD) camera.

Inductively coupled plasma mass spectrometry of mouse brain tissue. The left hemisphere
of each mouse brain was dried at 105 °C to constant weight; 1 mL of concentrated nitric acid
and 0.2 mL of concentrated hydrochloric acid were added to the weighted sample (100 mg) in a
tube and heated at 80 °C for 2 h. After digestion, the solution was diluted to 10 mL with
deionized water. The iron contents of brain tissue were assessed by ICP-MS (NexION 2000,

PerkinElmer).

MRI acquisition. Data were acquired on a MR Solutions MRI 7T system equipped with a 24 cm
bore diameter and 600 mT/m maximum gradient strength, and a 20 mm internal diameter
quadrature birdcage mouse head coil. After mice were anesthetized by 1-1.5% isoflurane in
room air in an induction chamber (SomnoSuiteTM), they were positioned on the scanner bed,
maintained at a temperature of 36-37°C, and secured to prevent motion with ear bars and a bite
bar. Ophthalmic ointment was applied over the subject’s eyes and a pneumatic pillow was
placed over the animal’s abdomen to monitor respiration during the scans. Mice were

maintained on 1.5-2% isoflurane in 95% oxygen from an oxygen concentrator, delivered via a
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nose cone. After the scan, animals were placed in a heated recovery chamber until they were

ambulatory before returning them to their home cages.

A positioning gradient echo sequence was first acquired to prepare the slice stacks for the 2D

multi-gradient echo (MGE) sequence. The MGE parameters were as follows: echo times (TEs)
=4,8.48, 12.96, 17.44, 21.92, and 26.40 ms; repetition time (TR) =1,200 ms; slice thickness =
0.5 mm; field of view (FOV) = 20 mm x 20 mm; matrix size = 256 x 256; number of slices = 28;

and number of averages (NA) = 1.

MRI image analysis. Quantitative parametric mapping: Prior to parametric fitting, MGE images
were preprocessed using Fiji (ImageJ)43 software with bias correction and denoising (2D
median filter with radius = 0.5). Bias correction was performed by dividing each frame of the
MGE image stack by its estimated bias field, which was generated using FSL FAST (FMRIB’s
Automated Segmentation Tool)44. Then, T2* maps were generated through a pixel-by-pixel
exponential fitting of the signal intensities across the different TE times, using the MATLAB
Rocketship v.1.4 module45. All fits with an r>>0.6 were included. Using Fiji software, pixels with
fits having r? values <0.6 were set to not-a-number (NaN) and were not included in the analysis.
Additionally, brain regions were extracted by manually delineating brain outlines on each slice
and outside brain regions were set to NaN. Regions of interests (ROI), such as the brainstem
and the hippocampus, were manually delineated using the polygon tool in Fiji. R2* maps were
generated from the T2* maps, using the relationship T2* = 1/R2*. Mean T2* and R2* values for
each ROI, for each subject, were obtained. GraphPad Prism was used for planned comparisons

between groups.

Difference maps by group: MGE data were converted to Nifti format and then averaged over all

echoes to obtain a mean T2* image for each mouse. R2* maps were generated from the T2*
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maps, using the relationship T2* = 1/R2*. Data were brain extracted using RATS(55) and then
entered into the ANTS pipeline for creation of an unbiased, mean deformation template using
rigid, affine and non-linear registration(56). The resultant transformations were applied to the
raw, multi-echo data after which data were fit for R2* with a loglinear fit using Tedana(57)
(https://zenodo.org/records/7926293). Percentage change in R2* voxel-based maps were
computed for each mouse at 48 and 120h using the corresponding pre-injection data by: (post-

injection-pre-injection)/pre-injection x 100.

Immunohistochemistry of mouse brain tissue. Immunohistochemistry was performed on 10-
pum-thick coronal sections Briefly, selected sections were deparaffinized, rehydrated, and
steamed with a citric acid-based unmasking solution (Vector Laboratories, Burlingame, CA) for
40 minutes to enhance antigen detection. Endogenous peroxidases were quenched with 0.6%
hydrogen peroxide in methanol for 30 min and sections were permeabilized with 0.3%
Triton/TBS for 10 min. Sections were blocked in 3% bovine serum albumin (BSA)-TBS with 5%
normal goat serum for 45 min at 37°C. Rabbit polyclonal antibody against a-syn phosphorylated
at S129 (pS129, EMD Millipore, Burlington, MA)) or monoclonal antibody against misfolded a-
syn (5G4, EMD Millipore) was incubated at 37°C for 1 hour, and then overnight at 4°C. After
washing, sections were incubated with a biotinylated secondary antibody for 1 hour at 37°C and
followed by avidin-biotin-peroxidase complex (ABC-HRP; Vector Laboratories, Burlingame, CA)
for 1 hour at 37°C. Bound antibody complexes were visualized using a 3,3'-diaminobenzidine
(DAB) Substrate Kit (Vector Laboratories, Burlingame, CA). All antibodies were diluted in 1X
Tris-Buffered Saline with 0.1% Tween 20 (TBST). All slides contained a control section with

substitution of TBST for the primary antibodies.
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Figure 1. R8 binds recombinant a-syn and prevents its aggregation. (A) R8 is a 25-residue
peptide containing an a-syn-binding sequence and a cell penetrating sequence conjoined by a
two-lysine linker. The designed binding site of R8 on a-syn is the first part of the NACore and
two residues preceding it (°*NVGGAVVTGVTA®). (B) ELISA assesses binding of R8 to a-syn
fibril (left) and monomer (right). R8 preferentially binds a-syn fibril over monomer. Statistical
analysis was performed using two-way ANOVA (multiple comparisons using Sidak's multiple
comparisons test; ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001) in

GraphPad Prism.
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Figure 2. R8-LMNPs bind recombinant, DLB brain-derived, and MSA brain-derived a-syn
fibrils. (A) R8-liganded magnetic nanoparticles (R8-LMNPs) are composed of a 10 nm diameter
iron oxide core (brown) coated with dextran (pink) covalently coupled to the R8 peptide. Multiple
ligands on each nanoparticle promote avidity, enhancing binding. (B) ELISA assesses binding of
R8-LMNPs to a-syn fibril (left) and monomer (right). R8-LMNPs preferentially bind a-syn fibril
over monomer. Statistical analysis was performed using two-way ANOVA (multiple comparisons
using Sidak's multiple comparisons test; ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001;
**** p <0.0001) in GraphPad Prism. (C) Electron micrograph images of R8-LMNPs (black
arrows) binding to recombinant a-syn fibrils. (D) R8-LMNPs (black arrows) bind to DLB brain-
derived fibrils. (E) R8-LMNPs (black arrows) bind to MSA brain-derived fibrils. (F) Neither R8-
LMNPs (10 nm, black arrows) nor a-syn antibody LB509 (and secondary antibody conjugated to

6 nm gold, red arrows) bind to AD brain-derived fibrils.
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Figure 3. Large electron-dense spots are visible in the brains of M83 mice treated with

R8-LMNPs and not in control mice. (A-B) R8-LMNPs (10 mg/kg) were administered to aged
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M83 mice following intranasal administration of mannitol, and mice were euthanized six hours
after administration. Images of ultrathin sections of the brainstem were acquired using electron
transmission microscopy. Electron-dense spots larger than 10 nm in diameter (black arrows)
and smaller than 10 nm in diameter (red arrows) are visible around (A) axons and (B) neuron
cell bodies. These electron-dense spots can be distinguished from ribosomes (purple arrows) in
the cytoplasm of the cell body because ribosomes are clustered and about 30 nm in size.
Mitochondria are labeled with M. (C-D) Mice that did not receive R8-LMNPs were euthanized
and their tissue was used as a control. Electron-dense spots are visible around (C) axons and
(D) neuron cell bodies in control tissue, but they are all smaller than 10 nm in diameter. These
electron-dense spots can be distinguished from ribosomes (purple arrows) in the cytoplasm of
the cell body because ribosomes are clustered and about 30 nm in size. Mitochondria are
labeled with M. (E) The average diameter of the electron-dense spots in brains of mice that did
not receive R8-LMNPs is significantly lower than the average diameter of electron-dense spots
in brains of mice that did receive R8-LMNPs. Statistical analysis was performed using two-way
ANOVA (multiple comparisons using Sidak's multiple comparisons test; ns, p > 0.05; *, p < 0.05;

** p<0.01; ** p <0.001; ****, p <0.0001) in GraphPad Prism.
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Figure 4. R8-LMNPs can be used as an MRI contrast agent to distinguish M83 mice from
age-matched, wild-type controls. (A-B) R2* relaxation rates of R8-LMNPs (A) and amine-
functionalized MNPs (B) in water. Within the range of 5 to 25 pg/mL, R8-LMNPs and amine-
functionalized MNPs cause a linear increase in R2*. (C) Average R2* % difference in the
brainstem of M83 mice that received R8-LMNPs (n = 5, blue), wild-type control mice that
received R8-LMNPs (n = 3, gray), and M83 mice that received amine-functionalized MNPs (n =
5, orange) either 0, 48, or 120 hours after administration of R8-LMNPs or amine MNPs.
Statistical analysis was performed using two-way ANOVA (multiple comparisons using Sidak's
multiple comparisons test; ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001)
in GraphPad Prism. (D-E) Average R2* % difference maps of the brains of M83 mice and age-
matched wild-type control mice (D) 48 or (E) 120 hours after injection of R8-LMNPs or amine-
functionalized MNPs. R2* % difference maps display seven anterior to posterior coronal
sections of the brain. R2* % difference maps are colorized on a scale from 0 to 100 ms, with
cooler colors representing smaller % increase in R2* and warmer colors representing larger %

increase in R2*.
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Patient Braak Age Sex Region

DLB N/A 90 F Frontal

MSA N/A 65 F Cerebellum
AD \i 86 F Left temporal

Supplementary Table 1. Pathology information for patient-derived samples.
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Supplementary Figure 1. R8 binds recombinant a-syn fibrils. (A) ELISA assesses binding of
R8 and 24mer to a-syn fibril (left) and monomer (right). Both R8 (solid bars) and 24mer (striped
bars) preferentially bind a-syn fibril over monomer. Statistical analysis was performed using two-
way ANOVA (multiple comparisons using Sidéak's multiple comparisons test; ns, p > 0.05; *, p <

0.05; **, p < 0.01; ***, p <0.001; ****, p < 0.0001) in GraphPad Prism. (B) From the same ELISA
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in (A), comparison of R8 and 24mer binding to a-syn fibril. Statistical analysis was performed
using multiple unpaired t-tests (multiple comparisons using Holm-Sidak method; ns, p > 0.05; *,

p < 0.05) in GraphPad Prism.
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Supplementary Figure 2. R8 binds recombinant a-syn fibrils. To assess a-syn fibril binding
by surface plasmon resonance (SPR), we immobilized a-syn fibrils on a CM5 SPR chip and
measured affinities of (A) R8 and (B) 24mer. SPR measurements showed an increase in SPR
signal (response units) with increase in inhibitor concentration for both peptides (left panels).
The equilibrium dissociation constant (Ky) was calculated by steady state analysis (right panels).
The apparent Ky for R8 was determined to be 0.47 uM, and the apparent K4 for 24mer was

determined to be 3.7 uM under identical experimental conditions.
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Supplementary Figure 3. R8-LMNPs bind recombinant a-syn fibrils. (A) R8-liganded

magnetic nanoparticles (R8-LMNPs) are composed of a 10 nm diameter iron oxide core (brown)
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coated with dextran (pink), to which we covalently coupled the R8 peptide using EDC/NHS
crosslinking chemistry. (B) Before conjugation, amine-functionalized nanoparticles are
homogenous and well-dispersed. (C) After conjugation, R8-LMNPs are still homogenous and
well-dispersed. (D) 1.5 yL of both amine-functionalized MNPs and R8-LMNPs were blotted onto
a nitrocellulose membrane. R8-LMNPs spread less far on the nitrocellulose membrane,
indicating a change in functionalization of the nanoparticle. The membrane was probed with an
antibody for dextran, which bound both amine-functionalized MNPs and R8-LMNPs, and an
antibody for the cell penetrating peptide, which bound only R8-LMNPs. (E) ELISA assesses
binding of R8-LMNPs and 24mer-LMNPs to a-syn fibril (left) and monomer (right). Both R8-
LMNPs (solid bars) and 24mer-LMNPs (striped bars) preferentially bind a-syn fibril over
monomer. Statistical analysis was performed using two-way ANOVA (multiple comparisons
using Sidak's multiple comparisons test; ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001;

**** p <0.0001) in GraphPad Prism.
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A\ DLB patient-derived fibrils |8 MSA patient-derived fibrils (G DLB patient-derived fibrils
a-syn a-syn

D MSA patient-derived fibriis £ DLB patient-derived fibrils F MsA patient-derived fibrils
Amine-functionalized MNPs R8-LMNPs, a-syn R8-LMNPs, a-syn

G AD patient-derived fibrils H AD patient-derived fibrils
Amyloid- R8-LMNPs, amyloid-

Supplementary Figure 4. R8-LMNPs bind recombinant, DLB brain-derived, and MSA
brain-derived a-syn fibrils. (A-B) a-syn antibody LB509 (and secondary antibody conjugated
to 6 nm gold, red arrows) strongly labeled (A) DLB brain-derived fibrils and (B) MSA brain-
derived fibrils, indicating that they are a-syn fibrils. (C) R8-LMNPs labeled 10 nm DLB brain-

derived fibrils more modestly labeled than 5 DLB brain-derived nm fibrils shown in Figure 2D.
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(D) Unconjugated, amine-functionalized nanoparticles (black arrows) did not bind MSA brain-
derived fibrils. (E) R8-LMNPs (10 nm, black arrows) and a-syn antibody LB509 (6 nm, red
arrows) simultaneously bind DLB brain-derived fibrils. (F) R8-LMNPs (10 nm, black arrows) and
a-syn antibody LB509 (6 nm, red arrows) simultaneously bind MSA brain-derived fibrils. (G)
Amyloid-p antibody D54D2 (12 nm, red arrows) strongly labeled some AD brain-derived fibrils,
indicating those fibrils were composed of amyloid-B. (H) R8-LMNPs (10 nm, black arrows) and
amyloid-B antibody D54D2 (12 nm, red arrows) simultaneously bind some AD brain-derived

fibrils.
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Supplementary Figure 5. Large electron-dense spots are visible in the brains of M83 mice
treated with R8-LMNPs and not in control mice. (A) R8-LMNPs (10 mg/kg) were
administered to aged M83 mice following intranasal administration of mannitol, and mice were
euthanized six hours after administration. (B) Mice that did not receive R8-LMNPs were
euthanized and their tissue was used as a control. (A-B) Images of ultrathin sections of the
brainstem were acquired at 10,000x, 14,000x, and 19,000x magnification. Axons are identified
by their electron-dense myelin sheath (green arrow). Neuron cell bodies are identified by their
large, vacuous nucleus surrounded by a double membrane (yellow arrow) and the presence of
abundant ribosomes in their cytoplasm (purple arrow). Mitochondria are labeled with M and
nuclei with Nu. (C-D) Distribution (n = 20) of the diameter of electron-dense spots in the tissue

was measured in (C) aged M83 mice that received R8-LMNPs and (D) control mice.
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Supplementary Figure 6. Distribution of the diameter of electron-dense spots varies
between brain regions. R8-LMNPs (10 mg/kg) were administered to aged M83 mice following
intranasal administration of mannitol, and mice were euthanized six hours after administration.
Images of ultrathin sections of the (A-B) cerebellum and (C-D) hippocampus were acquired
using transmission electron microscopy. Electron-dense spots larger than 10 nm in diameter
(black arrows) and smaller than 10 nm in diameter (red arrows) are visible in all three regions
around axons (A, C) and neuron cell bodies (B, D). These electron-dense spots can be
distinguished from ribosomes (purple arrows) in the cytoplasm of the cell body because

ribosomes are clustered and about 30 nm in size. Mitochondria are labeled with M.
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Supplementary Figure 7. Distribution of the diameter of electron-dense spots varies
between brain regions. R8-LMNPs (10 mg/kg) were administered to aged M83 mice following
intranasal administration of mannitol, and mice were euthanized six hours after administration.
(A-B) Images of ultrathin sections of the (A) cerebellum and (B) hippocampus were acquired at
10,000x, 14,000x%, and 19,000x magnification. Axons are identified by their electron-dense
myelin sheath (green arrow). Neuron cell bodies are identified by their large, vacuous nucleus
surrounded by a double membrane (yellow arrow) and the presence of abundant ribosomes in
their cytoplasm (purple arrow). Mitochondria are labeled with M and nuclei with Nu. (C-D)
Distribution (n = 20) of the diameter of electron-dense spots in the tissue was measured in (C)

cerebellum and (D) hippocampus.
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Element Weight % o

Pb 457 34
u 20.6 23
Cc 12.9 1.9
Os 9.5 1.6
Fe 47 0.6
Cu 2.0 0.5
Cl 1.8 0.3
As 1.6 2.1
0O 1.2 04

Supplementary Figure 8. R8-LMNPs cross the blood-brain barrier of M83 mice with

mannitol adjuvant. R8-LMNPs (10 mg/kg) were administered to aged M83 mice, and mice

were euthanized 6 hours after administration. (A) Region of interest probed by energy

dispersive X-ray spectroscopy. (B) X-ray spectrum of region of interest shown in (A) and table of

detected elements by percent weight. The precision of the percent weight measurement is

reported in o, where 20 is defined as a precision of £1%.
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Iron levels in the brain of mice
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Supplementary Figure 9. R8-LMNPs remain in brains of M83 mice after 48 hours. R8-
LMNPs (10 mg/kg) were administered to aged M83 mice, and mice were euthanized at various
times up to 48 hours after administration (n = 3 mice per time point). From one to eight hours
after administration of R8-LMNPs, iron levels increased in the brains of M83 mice. At 24 hours
and 48 hours after administration of R8-LMNPs, iron levels plateaued but were still higher than

those at baseline.
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Supplementary Figure 10. R8-LMNPs can be used as an MRI contrast agent to distinguish
M83 mice from age-matched, wild-type controls. (A-B) R2 relaxation rates of (A) R8-LMNPs
and (B) amine-functionalized MNPs in water. Within the range of 5 to 25 ug/mL, R8-LMNPs and
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amine-functionalized MNPs cause a linear increase in R2. (C) Grayscale maps display 20
anterior to posterior coronal sections of the brain. The brainstem is highlighted in purple, the
hippocampus is highlighted in green. (D) Average R2 relaxation rate measured in the brainstem
of one aged M83 mouse (blue) and one age-matched wild-type control mouse (gray) that

received R8-LMNPs (10 mg/kg) over the course of 120 hours.
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Supplementary Figure 11. R8-LMNPs can be used as an MRI contrast agent to distinguish
M83 mice from age-matched, wild-type controls. Average change in R2* relaxation rate in
the brainstem of M83 mice that received R8-LMNPs (n = 5, blue), wild-type control mice that
received R8-LMNPs (n = 3, gray), and M83 mice that received amine-functionalized MNPs (n =
5, orange) either 0, 48, or 120 hours after administration of R8-LMNPs or amine MNPs.
Statistical analysis was performed using two-way ANOVA (multiple comparisons using Sidak's
multiple comparisons test; ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001)

in GraphPad Prism.
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A 48 hours after administration of R8-LMNPs

Wild-type / R8-LMNPs M83 / R8-LMNPs

B 120 hours after administration of R8-LMNPs

Wild-type / R8-LMNPs M83 / R8-LMNPs

Supplementary Figure 12. R2* % difference maps of the brains of M83 mice and age-
matched wild-type control mice after injection of R8-LMNPs. (A) 48 hours after injection,
and (B) 120 hours after injection. R2* % difference maps display 20 anterior to posterior coronal
sections of the brain. They are colorized on a scale from 0 to 100 ms, with cooler colors
representing smaller % increase in R2* and warmer colors representing larger % increase in

R2*. Each map represents the average % increase in R2* of all mice in a group.
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A 48 hours after administration of MNPs

M83 / R8-LMNPs M83 / Amine MNPs

B 120 hours after administration of MNPs

M83 / R8-LMNPs M83 / Amine MNPs

Supplementary Figure 13. R2* % difference maps of the brains of M83 mice after injection
of R8-LMNPs or amine-functionalized MNPs. (A) 48 hours after injection, and (B) 120 hours
after injection. R2* % difference maps display 20 anterior to posterior coronal sections of the
brain. They are colorized on a scale from 0 to 100 ms, with cooler colors representing smaller %
increase in R2* and warmer colors representing larger % increase in R2*. Each map represents

the average % increase in R2* of all mice in a group.
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Supplementary Figure 14. Differences in R2* relaxation rates caused by R8-LMNPs are
specific to regions of the brain with a-syn pathology. Average change in R2* relaxation rate
in the hippocampus of M83 mice that received R8-LMNPs (n = 5, blue), wild-type control mice
that received R8-LMNPs (n = 3, gray), and M83 mice that received amine-functionalized MNPs
(n =5, orange) either 0, 48, or 120 hours after administration of R8-LMNPs or amine MNPs.
Statistical analysis was performed using two-way ANOVA (multiple comparisons using Sidak's
multiple comparisons test; ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001)

in GraphPad Prism.
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Supplementary Figure 15. Aged M83 mice have abundant a-syn pathology in the
brainstem. Following MR imaging, 22-month-old, female, heterozygous M83 mice and age-

matched, wild-type control mice were euthanized via transcardiac perfusion, and their brain
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tissue was collected and fixed. Sections of fixed brain tissue were stained using (A-B) a rabbit
polyclonal antibody against a-syn phosphorylated at S129 (pS129) and (C-D) a monoclonal
antibody against misfolded a-syn (5G4). (A, C) There is a-syn pathology in the brainstem of

M83 mice. (B, D) There is no a-syn pathology in the brainstem of wild-type control mice.
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Supplementary Figure 16. R8-LMNPs do not distinguish 5xFAD mice from wild-type
control mice. (A-B) Average R2* % difference maps of the brains of 5xFAD mice (A) 48 or (B)
120 hours after injection of R8-LMNPs. R2* % difference maps display 20 anterior to posterior
coronal sections of the brain. R2* % difference maps are colorized on a scale from 0 to 100 ms,
with cooler colors representing smaller % increase in R2* and warmer colors representing larger
% increase in R2*. (C) Average change in R2* relaxation rate in the cortex of 5xFAD mice (n =
3, red) and wild-type control mice (n = 3, gray) that received R8-LMNPs (n = 3, gray) either O,
48, or 120 hours after administration of R8-LMNPs. Statistical analysis was performed using
two-way ANOVA (multiple comparisons using Sidak's multiple comparisons test; ns, p > 0.05; *,

p <0.05; **, p <0.01; ***, p < 0.001; ****, p < 0.0001) in GraphPad Prism.
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Supplementary Figure 17. R8-LMNPs do not distinguish PS19 mice from wild-type control
mice. (A-B) Average R2* % difference maps of the brains of AD fibril-seeded PS19 mice (A) 48
or (B) 120 hours after injection of R8-LMNPs. R2* % difference maps display 20 anterior to
posterior coronal sections of the brain. R2* % difference maps are colorized on a scale from 0 to
100 ms, with cooler colors representing smaller % increase in R2* and warmer colors
representing larger % increase in R2*. (C) Average change in R2* relaxation rate in the
hippocampus of PS19 mice (n = 4, green) and wild-type control mice (n = 3, gray) that received
R8-LMNPs (n = 3, gray) either 0, 48, or 120 hours after administration of R8-LMNPs. Statistical
analysis was performed using two-way ANOVA (multiple comparisons using Sidak's multiple
comparisons test; ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001) in
GraphPad Prism.
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Abstract

Despite much effort, antibody therapies for Alzheimer’s disease (AD) have shown limited
efficacy. Challenges to the rational design of effective antibodies include the difficulty of
achieving specific affinity to critical targets, poor expression, and antibody aggregation caused
by buried charges and unstructured loops. To overcome these challenges, we grafted previously
determined sequences of fibril-capping amyloid inhibitors onto a camel heavy chain antibody
scaffold. These sequences were designed to cap fibrils of tau, known to form the neurofibrillary
tangles of AD, thereby preventing fibril elongation. The nanobodies grafted with capping
inhibitors blocked tau aggregation in biosensor cells seeded with post-mortem brain extracts
from AD and progressive super nuclear palsy (PSP) patients. The tau capping nanobody
inhibitors also blocked seeding by recombinant tau oligomers. Another challenge to the design
of effective antibodies is their poor blood-brain barrier (BBB) penetration. In this study, we also
designed a bispecific nanobody composed of a nanobody that targets a receptor on the BBB
and a tau capping nanobody inhibitor, conjoined by a flexible linker. We provide evidence that
the bispecific nanobody improved BBB penetration over the tau capping inhibitor alone after
intravenous administration in mice. Our results suggest that the design of synthetic antibodies
that target sequences that drive protein aggregation may be a promising approach to inhibit the

prion-like seeding of tau and other proteins involved in AD and related proteinopathies.

Significance Statement

Alzheimer’s disease (AD) is associated with aggregation of the protein tau in the brain.
Antibodies that bind tau and halt its aggregation are one approach to slowing the progression of
AD; however, traditional animal-produced antibodies are often limited by weak target binding,

low production, and low brain delivery. We propose a method for designing antibodies in which
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we graft tau-specific sequences into a camelid antibody fragment, or "nanobody". Our
engineered nanobodies are easily produced and block the propagation of tau aggregation in test
tube experiments. Next, by linking our best tau-targeting nanobody behind a brain-targeting
nanobody, we created a double nanobody designed to enter the brain. Our results demonstrate

an alternative approach to engineering antibodies to target tau aggregation.

Introduction

Alzheimer's disease (AD) is the most common neurodegenerative condition, accounting for
dementia in dozens of millions of people worldwide (1-3). Tau pathology appears in AD when
the protein tau transitions into amyloid fibrils, which can spread from cell to cell in a prion-like
manner (4, 5). Many amyloid proteins, including tau, AB, and a-synuclein aggregate into “cross-
B” filaments featuring B-sheets that run the length of the fibrils, stabilized by steric zippers.
Steric zippers are paired B-sheets mated by tightly interdigitated side chains (2, 3, 6). Most

zipper interfaces exclude water molecules, contributing to filament stability (7).

We previously determined high-resolution structures of the SVQIVY, VQIVYK, and VQIINK
amyloid-driving segments of tau using micro-electron and X-ray crystallography (8-12). The
hexapeptide segments VQIVYK and VQIINK are believed to drive tau aggregation and seeding
(8, 13). Our structures of SVQIVY, VQIINK and VQIVYK reveal aggregation interfaces that we
have used to design fibril-capping peptide inhibitors that block tau aggregation and seeding (8,

9, 12).

Recently, cryo-electron microscopy (cryo-EM) has provided structural views of tau polymorphs
isolated from patients with tauopathies including AD, chronic traumatic encephalopathy (CTE),

Pick’s disease, and corticobasal degeneration (CBD) (14-18). The structures of paired helical
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filaments (PHF) and straight filaments (SF) extracted from patients with AD reveal tau molecules
in cross-f folds, which are stabilized by steric zippers (7, 14). All show the VQIVYK segment in
the core of fibrillar tau. These structural studies of fibrils extracted from postmortem tauopathy
brains support the disease relevance of the SVQIVY, VQIINK and VQIVYK tau segments as

targets for designed inhibitors.

Immunotherapeutic approaches show promise of being effective in treating Alzheimer’s disease
at early stages (19, 20). Several studies have recently demonstrated that tau-targeted
immunization is a promising therapeutic approach to slow tau accumulation and PHF pathology
in transgenic mouse models of tauopathies (21-24). For example, dual administration of
antibodies PHF1, which recognizes S396- and S404-phosphorylated tau, and MC1, which
recognizes tau in a pathological conformation, reduced tau pathology and neurodegeneration in
two different mouse models (25). These promising preclinical studies have led to clinical trials of

many anti-tau antibodies (26).

Structure-based design offers advantages over classical methods for generation of de novo
antibodies. Classical immunization strategies are limited in practice by the ability to produce an
effective antigen that elicits, from an inoculated animal, an antibody structure specific for the
desired epitope. Classical strategies often resort to antigens with low immunogenicity which
redirects the generation of antibodies away from important epitopes (27). In contrast, structure-
based design takes advantage of knowledge of the epitope structure to customize antibody
specificity and affinity and can be a quicker route to success provided it is possible to overcome
potential pitfalls of aggregation propensity, expression difficulties in prokaryotic cells and high

cost of protein production.
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In choosing a system for structure-based antibody design, camelid heavy chain-only antibodies
(VHH), or nanobodies, are an alternative to the traditional immunoglobulin antibody that can
overcome the aforementioned pitfalls. Owing to their small size, high stability, and robust
structure, they can access hidden epitopes with excellent tissue penetration in vivo, are
amenable to protein engineering, and can be expressed in a variety of microorganisms (28, 29).
In early 2019, the FDA approved the first nanobody for acquired thrombotic thrombocytopenic
purpura (aTTP), a rare blood disorder characterized by blood clotting in small blood vessels
(30). FDA approval of a nanobody therapeutic sets precedence that encourages the

development of nanobodies to treat other pathologies, like neurodegenerative disorders.

Immunotherapies to treat neurological disorders, whether discovered by classical or structure-
based strategies, face the challenge of penetrating the blood-brain barrier (BBB) (31).
Immunotherapies that cannot passively cross the BBB can be delivered using receptor-
mediated transcytosis (RMT), a pathway for transport of macromolecules across the BBB (32).
A promising receptor for RMT is insulin-like growth factor-1 receptor (IGF1R) which is expressed
on brain endothelial cells. In previous studies, nanobodies have been raised against IGF1R by
immunizing a llama with an IGF1R polypeptide (33, 34). The nanobodies were demonstrated to
cross the BBB in in vitro transwell models and in animal models (34, 35). Conjugation of an
IGF1R-binding nanobody to immunotherapies for Alzheimer’s disease could potentially

surmount the obstacle of their limited BBB penetrability.

Here, we build on an earlier antibody design strategy in which small amyloidogenic motifs of AR
(6—10 residues) were grafted into the variable region to create antibodies for detection and
inhibition of A fibrils and oligomers (36). In our study, we graft capping peptide inhibitors of tau
into the variable region of a heavy chain camel antibody. We designed two generations of

synthetic camel antibodies that halt prion-like seeding. In addition, we designed a bispecific
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nanobody that both serves as a capping inhibitor of tau and targets IGFR1 for delivery to the
brain via RMT. Our work evaluates whether therapeutic nanobodies may be constructed by

incorporating inhibitors of steric-zipper sequences that drive protein aggregation and seeding.

Results

Design of first generation nanobody inhibitors of tau aggregation

Here we extend previous work on peptide-based inhibitors, designed to bind tau at the tips of
amyloid fibrils and sterically interfere with fibril growth. These inhibitors were designed to bind to
the amyloid-driving sequences VQIINK and VQIVYK of tau, and they are termed W3 and WIW,
respectively (8, 11, 12). In addition to these previous capping peptide designs, we include an
additional inhibitor design, VDW, a derivative of WIW that is extended by six residues at its C-
terminal end to provide additional H-bonding with the complementary sequence downstream

of VQIVYK. VDW binding is bolstered by a charge reversal at its C-terminus to promote ion
pairing with tau Lys317, and VDW bears a Trp substitution at position 11, which would overlap
with extraneous density on the surface of the AD-tau fibril reported to derive from ubiquitin (15).
In short, the VDW sequence, SVWIWYEPVDWSE, is designed to bind the tau segment 305-

SVQIVYKPVDLSK-317.

To design novel antibodies that target tau aggregation, we grafted the three individual capping
inhibitory sequences VDW, W3, and WIW into the complementarity determining region 3
(CDR3) of a previously reported nanobody scaffold (37) (PDB entry ID: 6HEQ) (Fig. 1A &
Supplementary Table 1). WIW and VDW nanobody fusions were designed to disrupt the
VQIVYK steric zipper, while the W3 nanobody inhibitor was designed to target the VQIINK steric
zipper. We call these VDW, W3, and WIW nanobodies the first generation of tau nanobody

inhibitors.
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To increase the conformational flexibility of the grafted nanobody inhibitor sequence, we
inserted (glycine)s at both N- and C-termini of the grafted insert of the CDR3 loop. We
expressed the designed nanobodies with a pelB leader sequence for expression in the bacterial
periplasm with yields in the milligram range with >95% purity (Fig. 1B & Supplementary Fig. 1
A-C). Purification by size exclusion chromatography (SEC) of the designed nanobody reveals a

prominent peak of VDW, W3 and WIW nanobodies (Supplementary Fig. 1A-C).

Assessment of nanobody binding to tau

We employed dot blot analysis to determine whether our nanobody is specific for binding
recombinant tau-K18 monomers, or prefibrillar oligomers, or fibrils (Fig. 1C). Tau-K18 is a
truncated tau construct containing the four microtubule binding domains R1-R4 (residues 244—
372) (38). Dot blots confirmed the nanobody bearing the VDW inhibitor sequence recognizes
tau-K18 in both the monomer and fibril states, suggesting that the binding epitope of both

monomer and fibril is accessible to the designed nanobody.

Crystal structure of the WIW nanobody inhibitor and docking simulations

The X-ray crystal structure of WIW nanobody was determined to high (1.4 A) resolution (Fig.
1D, Supplementary Table 2). WIW nanobody crystallized with one monomer in the asymmetric
unit in space group 14 and with unit cell dimensions a=78.29 b=78.29 and c= 38.22 A. The WIW
nanobody shows well resolved electron density and displays an immunoglobulin fold with a 8-
sandwich formed by two antiparallel -sheets. The WIW nanobody possess three
complementarity-determining regions or CDR loops (CDR1, CDR2 and CDR3) as shown in Fig.
1D. When grafted into the CDR3 loop, the WIW inhibitor adopts a beta-strand conformation that
is compatible with steric zipper capping (Fig. 1D). The crystal structure shows that the designed

nanobody structure agrees with the design.
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We docked the determined crystal structure of the WIW nanobody to the previously published
PHF structure (Fig. 1E-F). The CDR3 loop in the nanobody structure adopts a beta-strand

secondary structure compatible with binding the steric zipper at the tip of the PHF fibril.

We pursued structural studies to investigate whether the designed WIW-tau interface
(approximated in Fig. 1E, F) is indeed responsible for the observed inhibition of tau fibril growth
by WIW (Fig. 1 G-H). Ouir first strategy was to co-crystallize WIW nanobody with tau epitope
306-VQIVYK-311; however, only crystals of WIW nanobody resulted (Fig. 1D). So, we turned
our efforts toward computationally docking the nanobody WIW crystal structure (8fq7) on the tau
PHF structure (7nrv). The results of our unbiased docking study reproduced some features of
our design and suggested strategies for improvement. Three of the 29 docking models
produced by ClusPro (39) featured interfaces involving the intended nanobody WIW and tau
VQIVYK segments. However, the two segments exhibited antiparallel rather than parallel
alignment in two of the models and out-of-register rather than in-register in the third model. We
think that these deviations from our design result in part from the limitations arising from the
rigid body docking approximation. The deviations could also be incurred by the docking
program’s drive to supplement the relatively small interface in our design with additional
contacts involving regions outside CDR3. Lastly, we note that further engineering of the linker
between inhibitor insert and scaffold might improve the interface with tau. E108 in our crystal
structure of the WIW nanobody (Supplementary Fig. 1E) was not oriented to form a salt bridge
with tau residue K311 as designed (Supplementary Fig. 1D), presumably constrained by the

linker connecting it to the scaffold.

Designed nanobodies block seeding by tau fibrils and oligomers in HEK293 biosensor

cells
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We evaluated the efficacies of the nanobody designs to inhibit seeded aggregation in HEK293
cell lines stably expressing tau-K18 P301S-eYFP, referred to as “tau biosensor cells”.
Specifically, we quantified and analyzed the number of puncta (tau-K18 aggregates) seeded by
postmortem brain tissue extracts from donors with AD (Supplementary Table 3) using Image J
software. As shown in Fig. 1G-l, seeding by brain tissue extracts from donor 1 (AD1) and donor
2 (AD2) were inhibited by the WIW capping nanobody inhibitor (p < 0.0005). The VDW and W3
nanobodies failed to block tau seeding by brain extracts from AD1, but inhibited tau seeding by
brain extracts from AD2, suggesting lower potency of the VDW and W3 nanobody designs. We
tested all three nanobodies at a concentration of 10 uM. Our evidence suggests that inhibition
exhibited by WIW is caused by the designed insert and not the scaffold. If the scaffold had been
responsible for the inhibition exhibited by nanobody WIW (Fig. 1G), then VDW and W3 would

have exhibited the same level of inhibition as WIW since all three share the same scaffold.

To validate the binding of the designed inhibitor to the fibril tips, we used Immuno-EM labeling in
conjunction with electron microscopy. As shown in Fig. 1J, the VDW nanobody binds to tau-k18
fibril tips, showing the binding to the fibrils agrees with the design. However, the VDW nanobody
also binds to the sides of the fibrils. These binding sites along the sides of the fibrils may

correspond to points of secondary nucleation of monomeric tau along the primary fibril that may
also have an exposed epitope (40). Alternatively, the binding sites of the fibrils may be points of

non-specific binding.

Next, we tested the efficacy of our capping nanobody inhibitors on aggregation seeded by
recombinant tau-K18 oligomers prepared by ionic liquid 15 (IL15) as described previously (38).
We used tau oligomers because they are hypothesized to promote neurotoxicity (41, 42). An EM
image of recombinant tau-K18 oligomers (Supplementary Fig. 1F) reveals a mixture of 10-20

nm spherical oligomers has the capability to spread from cell-to-cell in a prion-like fashion
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(Supplementary Fig. 1G & H). Seeding by tau-K18 oligomers was reduced by all nanobody
designs. Notably, the WIW nanobody inhibited aggregation seeded by both PHFs and oligomers

(Supplementary Fig. 1G & H).

Design and testing of second generation nanobody inhibitors of tau seeding

It has been reported that nanobodies with isoelectric points (pl) above 9.4 spontaneously
penetrate cells, making them suitable for targeting intracellular proteins (43). As a result, we
sought other nanobody scaffolds with extremely basic pls, assuming they are more suitable for
targeting intracellular tau protein than scaffolds with acidic pls. To design the second generation
of nanobody inhibitors, we selected a previously described nanobody scaffold with pl = 9.8,
termed “scaffold 2” (44). We replaced its CDR3 with select inhibitory sequences; one construct
bearing the WIW inhibitor sequence and another bearing the native tau SV sequence (Fig. 2A &
Supplementary Table 4). We reasoned that the native tau segment could home the nanobody
inhibitor to tau, and that the fused nanobody itself could sterically prevent binding of additional
tau monomers to the tips of fibrils. The WIW and SV second generation nanobodies were
expressed in bacteria (Supplementary Fig. 2A & B). To validate the efficacy of this new
generation of nanobody designs for inhibiting tau aggregation, we tested the prion-like seeding
of four AD patient brain extracts (Supplementary Table 3) in the presence or absence of the
designed nanobodies using tau biosensor cells. We found that treating the AD brain extracts
with the WIW or SV second generation nanobody strongly reduced the seeding by all four AD

samples (Supplementary Fig. 2C-J).

We further explored our second generation of nanobody design by grafting another four capping
inhibitory sequences of W3, M4, R9 and QIINK onto the CDR3 of a nanobody scaffold 2 (Fig.
2A & Supplementary Table 4). W3, M4 and R9 second generation nanobody inhibitors were

designed to disrupt the A, B and C interfaces in the VQIINK steric zipper, respectively (12). The
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QIINK nanobody contains a graft of the wild-type tau sequence into the CDR3 of scaffold 2 (Fig.
2A & Supplementary Table 4). Purification of the W3, M4, R9 and QIINK nanobodies produced
high purity products after Ni-NTA column purification but with lower yield than in the scaffold 1
expression (Supplementary Fig. 3A). Therefore, we did not perform size exclusion
chromatography after Ni-NTA purification. Western blot analysis of the capping nanobody
inhibitors reveals a 15 kDa band consistent with the size analyzed by SDS PAGE

(Supplementary Fig. 3B).

We tested the efficacy of our nanobody panel to inhibit seeding by eight AD brain extracts in
biosensor cells (Supplementary Table 3). EM examination of a partially purified brain extract
from AD donor 3 (AD3) showed an abundance of PHFs with helical morphology (Fig. 2B). The
concentration of tau in AD brain extracts was estimated to be 1.5-2 yM. To ensure that our
capping nanobody inhibitors are specific and target the aggregation prone segments, we used a
non-cognate nanobody to serve as a negative control (44). The non-cognate nanobody has the
same scaffold and high pl as the designed second generation nanobodies, including CDR1 and
CDR2, but a different CDR3 (Supplementary Table 4). All synthetic nanobodies strongly
reduced seeding by AD3, AD4, and AD5 patient brain samples (Fig. 2C-E & Supplementary
Fig. 3C-E). We observed some non-specific inhibition by the non-cognate nanobody towards
AD3, but the inhibition from all designed nanobodies was significantly greater (p < 0.0001) than

that of the non-cognate. We initially tested all nanobodies at a concentration of 10 uM.

All synthetic nanobodies strongly reduced seeding by AD6, AD7, AD8, AD9, and AD10 patient
brain samples (Supplementary Fig. 4). Interestingly, some of the grafted nanobody designs
exhibited variation toward seeding inhibition. WIW was the most potent inhibitor of seeding by
AD3, AD4 and AD5 brain extracts but was less effective on AD7 and AD8 brain extracts (Fig.

2C-E & Supplementary Fig. 4). SV and M4 nanobodies were more effective inhibitors of AD7
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and AD8 than WIW (Fig. 2C-E & Supplementary Fig. 4). We again used a non-cognate
nanobody to serve as a negative control. The non-cognate nanobody showed no effect on
seeding by AD6, AD7, AD9, and AD10. We observed non-specific inhibition by the non-cognate

nanobody towards AD8. We tested all nanobodies at a concentration of 10 uM.

Next, we tested whether representative second generation nanobody WIW inhibits seeding by
AD3 brain extract at various doses. WIW inhibits seeding by AD3 brain extract in a dose-
dependent manner from 1-5 uyM, and at 10 uM, there is a plateau in WIW’s inhibitory effect (Fig.
2F). We again used a non-cognate nanobody to serve as a negative control which showed no
effect on seeding. In addition, we wanted to ensure that our capping nanobody doesn’t simply
bind and sequester tau monomer instead of blocking fibril growth. We included a monoclonal
antibody that binds residues 6-18 of tau, called 43D, and found that it does not reduce seeding
by AD3 brain extract. Because 43D can bind tau monomer with high affinity but still does not
reduce seeding, we can assume that sequestering tau monomer is not sufficient for nanobody

function.

Finally, to assess the toxicity of our nanobodies, we performed a dose-dependent cell viability
assay with representative second-generation nanobody WIW and found that WIW has no

measurable toxicity towards Neuro 2A cells (Fig. 2G).

Nanobody inhibitors block seeding by tau-K18 oligomers

Next, we sought to determine whether our designed nanobody inhibitors could block seeding by
tau oligomers. Both fibrils and oligomers can seed aggregation and thus may be targeted with
our designed nanobodies. To determine if tau oligomers can be targeted by nanobody inhibitors,
we prepared tau-K18 oligomers with IL15 as previously described (Fig. 3A-C) (38). The

formation of tau-K18 oligomers was confirmed using the M204 antibody, which is specific for tau
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oligomers but not monomers (Fig. 3B) (43). We observed that seeded aggregation by tau-K18
oligomers was strongly inhibited in the presence of the second generation WIW and SV
nanobodies in tau biosensor cells (Supplementary Fig. 2K & L). We initially tested all

nanobodies at a concentration of 10 uM.

Next, we tested whether representative second generation nanobody WIW inhibits seeding by
tau-K18 oligomers at various doses. WIW inhibits seeding by oligomers in a dose-dependent
manner from 1-10 yM (Fig. 3D & E). We again used a non-cognate nanobody to serve as a
negative control. We observed non-specific inhibition by the non-cognate nanobody, but the
inhibition from WIW at the same concentration was significantly greater than that of the non-

cognate (p < 0.0001).

Synthetic nanobodies block seeding by purified fibrils from human AD and PSP brain
tissue

To validate the efficacy of our nanobody designs for targeting disease-relevant amyloid fibrils,
we extracted and purified tau fibrils from brain tissue of AD donor 3 (AD3) using a water
extraction protocol as previously described (45). We used immuno-EM combined with electron
microscopy to verify that the purified AD fibrils were composed of tau (Fig. 4A). Then we tested
the efficacy of the nanobody capping inhibitors in preventing seeding by the purified tau fibrils.
As shown in Fig. 4B & C, the designed nanobody inhibitors block seeding by purified tau fibrils,
while the non-cognate nanobody shows no effect on seeding inhibition. Our nanobody designs
successfully inhibit seeding of both crude brain extract and purified tau fibrils from AD patients,

revealing the potential relevance of our nanobody-based designs to AD.

In addition to AD brain extracts, we expanded our evaluation of designed nanobody capping

inhibitors to include post-mortem brain extracts from donors diagnosed with other tauopathies.
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We tested the inhibitory power of our synthetic nanobodies on crude brain extracts from two
donors with PSP. Electron micrographs of brain extract from PSP donor 1 confirmed that the
extract contained fibrils with a twisted filament morphology (Supplementary Fig. 5A & B). As
shown in Supplementary Fig. 5C-E, all synthetic nanobodies blocked seeding by both PSP

brain extracts. The non-cognate nanobody showed no effect on seeding by either PSP extract.

Designing a bispecific WIW nanobody that crosses the blood brain barrier

To facilitate the delivery of tau inhibitors to wild type mouse brains, we designed a bispecific
nanobody composed of IR5, a nanobody that targets the type 1 insulin-like growth factor
receptor (IGF1R) and has been shown to cross the BBB, and the WIW nanobody inhibitor,
conjoined by a flexible linker (Fig. 5A) (46). The size exclusion chromatography peak of the
bispecific nanobody reveals a ~30 kDa band consistent with the size analyzed by SDS PAGE
(Fig. 5B & C). To validate brain penetration, the bispecific nanobody was administered by tail
vein injection at a dose of 20 mg/kg to C57BL/6J mice (n=3). As a comparison, the second
generation WIW nanobody was administered at an equimolar dose of 10 mg/kg to C57BL/6J
mice (n=3). Thirty min after dosing, the mice were euthanized by cardiac perfusion, and brain

samples were collected.

Quantitative liquid chromatography-tandem mass spectrometry (LC-MS/MS) determined the
bispecific WIW nanobody concentrations in three mouse brains to be 4.3-8.1 ug per g, while
concentrations of second generation WIW in three mice were measured as 0 ug per g (Fig. 5D).
Concentrations were assessed by comparing signal levels in the samples to those derived from
the nanobody-spiked brain tissues of nanobody-naive mice (Supplementary Fig. 6-8). The

brain sample extraction protocol has been described previously (47).
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Discussion

Much effort has been applied to design antibodies to target specific, disease-relevant epitopes
(27, 48). Limiting the success of this approach are the challenges of predicting CDR loop
sequences that confer specific binding to their antigens as well as adequate antibody
expression and stability (49, 50). To produce a panel of antibodies capable of halting pathogenic
tau aggregation and prion-like seeding, we employed a grafting approach, inserting previously
developed inhibitory peptides into CDR3 of a previously reported nanobody scaffold. These
inhibitors were designed to target steric zipper interfaces (aggregation-driving structural motifs)
that we identified in tau fibrils (8-12). We chose nanobodies as vehicles for enhancing inhibitor
delivery and efficacy because: 1) nanobodies can be easily engineered and expressed in both
eukaryotic and prokaryotic systems with robust protein quality (51); 2) nanobodies possess high
structural stability for in vitro and in vivo applications ; 3) nanobodies display low
immunogenicity risk profile which is beneficial for potential therapeutic applications (52). 4)
nanobodies have a smaller size makes them useful as therapeutics for brain delivery and tissue

penetration (28, 53).

We met an important requirement for design specificity by showing the WIW inhibitor segment
maintains an epitope-complementary structure after grafting it into a nanobody (Fig. 1D). In
general, antibodies contain three CDR flexible loops and CDR3 contributes most of the binding
specificity for antigenic determinants. We chose to graft WIW into CDR3. After determining the
atomic structure of the WIW nanobody inhibitor, we observed that CDR3 adopts a beta strand
secondary structure instead of a flexible loop. It appears pre-organized to bind to the tip of the

protofilament and prevent fibril elongation (Fig. 1E & F).
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An important goal of our designed nanobody is to block the seeded spread of pathogenic tau
aggregates, so we assayed our panel of designs (WIW, VDW, W3, M4 etc.) using seeds from
the brains of a panel of twelve different patients in HEK293 biosensor cells. Experimental
evidence suggests that a prion-like seeding mechanism is the main route for propagation and
spreading tau pathology in the brain and tau seeding inhibitors may delay or prevent the
progress of these maladies (54, 55). We designed two generations of synthetic nanobodies,
which differ in nanobody scaffold used. For generation 2, we chose scaffold 2, which exhibits a
higher pl (pl = 9.8) than scaffold 1 of generation 1, making generation 2 better candidates for
crossing the BBB. The second generation nanobody inhibitors decrease seeding by AD patient
brain extracts in biosensor cells (Fig. 2, Supplementary Fig. 2, Supplementary Fig. 3, &
Supplementary Fig. 4). In addition, the second generation nanobody inhibitors decrease
seeding by purified tau fibrils from AD and PSP patients (Fig. 4 & Supplementary Fig. 5),
demonstrating that aggregation-prone interfaces of both AD and PSP tau are accessible and

targeted by our designed nanobody inhibitors.

Although the molecular mechanism that leads to AD is still poorly understood, small oligomers
are thought to spread tau pathology and induce neuronal toxicity in the brain (53, 56-58). To
further test the efficacy of WIW and SV nanobodies against seeding by tau oligomers, we used
IL15-induced tau-K18 oligomers to seed tau in biosensor cells. The WIW and SV designed

nanobodies potently inhibit seeding by tau oligomers (Fig. 3 & Supplementary Fig. 2).

Much atomic-level structural information has supported the view that specific amyloid fibril
polymorphs are linked to distinct diseases. Indeed, amyloid protein conformations may define
distinct diseases and constitute a basis for classification of amyloid diseases (59). The
structures of AD tau and PSP tau fibrils are quite different. In AD, tau adopts two folds: paired

helical filaments and straight filaments, which both consist of an ordered core of pairs of
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protofilaments comprising residues 306—-378. Therefore, in AD, VQIVYK is in the ordered core
and VQIINK is in the fuzzy coat. In progressive supranuclear palsy (PSP), tau adopted a single
protofilament with an ordered core extended from residues 272-381 (59). Therefore, in PSP,
both VQIVYK and VQIINK are in the ordered core. Our nanobody panels directed toward
VQIVYK and VQIINK inhibit tau seeding by purified tau fibrils from ten donors with AD and two
donors with PSP, as well as seeding by recombinant tau K18 oligomers, for which the atomic-
level structure is not known. This finding suggests that the inhibitor segment seated in the

nanobody could be flexible enough to recognize multiple conformations of tau.

In cases of patient AD3, AD8, and the recombinant K18 oligomers (Fig. 2, Supplementary Fig.
4, Fig. 3), we observed some non-specific inhibition by the non-cognate nanobody. It is possible
that the non-specific inhibition comes from some non-specific binding of tau from the nanobody
scaffold. Based on the results of the unbiased docking experiment (Supplementary Fig. 1D-E),
we are aware of a few possible configurations of non-specific binding. However, based on the
finding that sequestering monomeric tau with an anti-tau antibody is not sufficient for inhibition
(Fig. 2F), only non-specific binding in aggregation prone regions such as the fibril core or
VQIINK could contribute to the non-specific inhibition in biosensor cells. In future generations of
nanobody design, we will select a scaffold with less non-specific binding and non-specific

inhibition.

Finally, we designed a bispecific nanobody that both serves as a capping inhibitor of tau and
targets IGF1R for delivery to the brain via RMT. We administered the bispecific nanobody to
three wild-type mice and measured its concentration to be 4.3-8.1 ug per g of brain tissue using
LC-MS/MS. We administered second generation WIW to three wild-type mice and did not detect
WIW in brain tissue. Our findings are consistent with the hypothesis that fusion of the WIW

capping inhibitor with an IGFR1-binding nanobody improved BBB penetration after intravenous
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administration in mice. Brain delivery is a major limitation of antibody-based therapeutics, so our

findings may represent significant progress towards overcoming this limitation.

Because neurofibrillary tangles are formed intracellularly, our nanobodies would need to
penetrate the cell membrane or be expressed in the neuronal cytoplasm to halt tau aggregation.
We designed our nanobodies with a high pl (above 9.4) because it has been reported that
nanobodies with a high pl spontaneously penetrate cells (43). In the future, we plan to
investigate whether our nanobodies penetrate cells spontaneously or require additional

modification.

In summary, we used a design approach to produce a panel of nanobody inhibitors that halt
prion-like seeding by tau amyloid. By targeting the steric zipper interfaces, we designed a panel
of inhibitors able to block cell-to-cell seeding by recombinant tau-oligomers, purified AD brain
fibrils, and purified PSP brain fibrils. In addition, we designed a bispecific nanobody that targets
IGFR1 and enter the brain via RMT. We provided evidence that the bispecific nanobody
improved BBB penetration over the tau capping inhibitor alone after intravenous administration
in mice. Taken together, these results demonstrate that we can use structure-based design to
engineer antibodies to target tau aggregation and overcome the limitations of traditional

antibody production.
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Material and methods

Tau protein expression
Human wild-type tau-K18 (residues 244-372) was expressed in a pNG2 vector and purified as

previously described (8, 38).

Design, cloning, expression, and purification of antibody inhibitors

WIW (Scaffold 1), VDW (Scaffold 1), W3 (Scaffold 1), WIW (Scaffold 2) and SV (Scaffold 2)
antibody genes were synthesized by Genscript and cloned into pMES4 vector encoded with an
N-terminal pelB signal peptide for periplasmic expression, and a 6X His-tag at the C-terminal
end. W3, M4, R9 and QIINK (Scaffold 2) antibody genes were synthesized by Twist Bioscience
and cloned into pMES4 vector using Pstl- BstEll restriction site. Bispecific WIW nanobody was
synthesized by Genscript and cloned into pMES4 vector encoded with an N-terminal pelB signal
peptide for periplasmic expression, and a 6X His-tag at the C-terminal end. One residue at
position 145 was changed from a valine to a glutamic acid to improve protein expression yield.
This residue is non-solvent facing and is outside of the three complementarity determining
regions and should not affect protein function. Protein expression and purification were

performed according to our previous protocol (38, 44).

Crystallization

The WIW nanobody inhibitor was concentrated to 10 mg/mL and crystallization trials were
performed by mixing equal volumes of the protein and reservoir solution. Crystals appeared
from cocktails containing 0.15M ammonium sulfate 0.1M MES pH5.5 25%w/v PEG 4000 (C10:
ProPlex, molecular dimensions) after 7 days at 16 °C. All crystals were cryoprotected with

reservoir solution containing 35% (W/V) glycerol, and flash-frozen in liquid nitrogen.
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X-ray data collection and structure solution

X-ray data for WIW nanobody inhibitor was collected at beamlines 24-ID-C at the Advanced
Photon Source. Data was processed in XDS and XSCALE (60). Molecular replacement was
performed with the program PHASER (61), using prion nanobody 484 (Protein Data Bank entry:
6HEQ) as a search model (37). Refinement and structure building was performed in PHENIX

(62) and Coot (63).

Docking

To generate figures of the nanobody inhibitor bound to the tau PHF fibril, the crystal structure of
the WIW nanobody was aligned to the relevant region of the PHF using Pymol. The beta-strand
inhibitor sequence in the nanobody CDR3 region (PDB code: 8FQ7) was aligned to the top fibril
layer of the VQIVYK segment of the tau PHF (PDB code: 503L) using the Align function of

Pymol.

Preparation of tau-k18 fibrils

Recombinant tau-k18 was diluted to 25 yM and mixed 1x PBS, pH 7.4, 20 mM DTT, 10mM ThT,
and 5% ionic liquid (HR2-214-15, HamptonResearch). Protein was liquated to 3 replicate wells
of a 96-well-plate (Thermo Scientific Nunc), and plate was incubated at 37 °C for 24 h with
shaking and a plastic bead to enhance agitation. The amyloid fibril formation was monitored by
measuring ThT fluorescence at 440/480 nm excitation and emission wavelengths and examined

using negative stain transmission EM.

Preparation and purification of tau oligomers
Recombinant tau-K18 at a concentration of 12 yM was incubated in 1X PBS (pH 7.4) with 10
mM DTT and 2% ionic liquid (HR2-214-15, Hampton Research) with shaking for 16-18 hours at

37 °C in a 96 well plate (Thermo Scientific Nunc) with a plastic bead to enhance agitation. The
94



solution was subsequently centrifuged for 5 min at 14,000 rpm to remove any large aggregates,
and the supernatant was concentrated using an ultra-centrifugal spin filter with a 10 kDa cutoff

(Amicon). Concentrated samples were injected on a HiLoad 16/600 Superdex 75 pg.

Dot blot

Tau-K18 monomer or fibrils protein was blotted to a nitrocellulose membrane (Invitrogen). The
membrane was blocked in TBST (Tris-buffered saline, pH 7.6, and 0.1% Tween 20)
supplemented with 5% milk and incubated with the VDW nanobody (10 pg/ml) in TBST
supplemented with 2% milk for 2 hours. The membrane was then incubated with HisProbe-HRP
(Thermo Scientific, Cat No.: 15165), at dilution 1:5000 in TBST for 1 hour.

In the case of human tau-K18 oligomer or monomer fractions (10 uL) purified from SEC were
blotted on a nitrocellulose membrane. The membrane was then blocked using 5% milk in TBST
for one hour at RT and followed by three time washing with TBST buffer. The membrane was
incubated with monoclonal M204 (1:1000) in TBST supplemented with 2% milk for 1 hr at RT
and followed by Goat anti-rabbit HRP (abcam, ab6721) as a secondary antibody. All membranes

were developed using PierceTM ECL Plus substrate (Thermo Scientific, Cat No.: 32132).

Immunogold electron microscopy of nanobody binding to tau-K18 fibrils

For immunogold EM, 5 uL of tau-k18 fibrils were applied onto 400 mesh carbon-coated formvar
support films mounted on cooper grids for 3 min followed by fast blotting. EM grids were blocked
with 0.1% gelatin in PBS for 10 min and followed by VDW nanobody at dilution 1:100 into 0.1%
gelatin-PBS and incubated with EM grids for 60 min. Then, the EM grids were washed 5x with
gelatin-PBS and fast dried between washes. Grids were applied to the primary antibody (anti-
His tag monoclonal antibody (HIS.H8), Invitrogen, Cat # MA1-21315 at 1:1000 dilution in 1%
gelatin-PBS) and incubated for 30 minutes. Grids followed by incubation at dilution 1:8 with

colloidal gold AffiniPure goat anti-Mouse 1gG (Jackson Immuno Research Laboratories, Code
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ID: 115-195-166) for 30 minutes. The EM grids were washed 5x with water and stained with 4
uL of 2% uranyl acetate for 2 min and followed by washing with an additional 4 uL of 2% uranyl
acetate and allowed to dry for 10 min. The grids were imaged using a T12 (FEI) election

microscope.

Preparation of brain crude tau seeds

Post-mortem tissue for neuropathlogically confirmed tauopathy cases from brain regions
indicated in Supplementary Table 3 and figure legends were fresh-frozen and extracted
without freeze-thaw. Tissue was cut into a 0.2-0.3 g section on a block of dry ice, and then
manually homogenized in a 15 ml disposable tube in 1 ml of 50 mM Tris, pH 7.4 with 150 mM
NaCl containing 1X HALT protease inhibitor. Samples were then aliquoted to PCR tubes and
sonicated in a cuphorn bath for 150 min under 30% power at 4 °C in a recirculating ice water

bath, according to reference (64).

Tau biosensor cell maintenance and seeding

HEK293 cell lines stably expressing tau-K18 P301S-eYFP, referred to as “tau biosensor cells”
were engineered by Marc Diamond’s lab at UTSW (65) and used without further
characterization or authentication. Cells were maintained in DMEM (Life Technologies, cat.
11965092) supplemented with 10% (vol/vol) FBS (Life Technologies, cat. A3160401), 1%
penicillin/streptomycin (Life Technologies, cat. 15140122), and 1% Glutamax (Life Technologies,
cat. 35050061) at 37 °C, 5% CO2 in a humidified incubator. Fibrils and patient- derived seeds
were incubated at 4 °C for 16 hours with nanobody inhibitor to yield a final inhibitor
concentration of 10 uM (on the biosensor cells). A non-cognate nanobody and an antibody
binding to residues 6-18 (BioLegend Cat. No. 816601) were used as negative controls. For
seeding, inhibitor-treated seeds were sonicated in a cuphorn water bath for 3 minutes, and then

mixed with 1 volume of Lipofectamine 2000 (Life Technologies) prepared by diluting 2 pL of
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Lipofectamine in 18 pL of OptiMEM. After twenty minutes, 10 pL of seeds were added to 90 pL
of tau biosensor cells. After six days, the number of seeded aggregates was determined by
imaging the entire well of a 96-well plate in triplicate using a Celigo Image Cytometer
(Nexcelom) in the YFP channel. Aggregates were counted using ImagedJ (66) by subtracting the
background fluorescence from unseeded cells and then counting the number of peaks with
fluorescence above background using the built-in Particle Analyzer. The number of aggregates
was normalized to the confluence of each well, and dose- response plots were generated by
calculating the average and standard deviations from triplicate measurements. For high quality
images, cells were photographed on a ZEISS Axio Observer D1 fluorescence microscope using

the YFP fluorescence channel.

Fibril extraction of AD and PSP brain tissues

The extraction of fibrils from human tissue was performed according to previous protocol (48).

Negative-stain transmission electron microscopy

EM samples were prepared by applying 5 uL of Tau-K18 oligomers or AD and PSP filaments to
glow-discharged grid CF150-Cu 150 mesh carbon films mounted on copper grids (Electron
Microscopy Sciences) and incubating on the grid for 3 min. The samples were then blotted off
and the grids were stained with 12 pL of 2% uranyl acetate for 2 min. The grids were blotted off

and allowed to dry for 10 min. Grid was imaged using a T12 (FEI) electron microscope.

Immnogold electron microscopy of extracted tau fibrils
Nanogold particle binding was performed as described (67). 4 uL of sarkosyl insoluble tau fibril
extracted from AD patients were used with primary antibody Tau46 (BioLegend cat#806604,

1:100 dilution in 1% gelatin-PBS) and secondary goat anti-mouse antibody (Jackson
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ImmunoResearch Laboratories Inc cat# 115-195-146, 1:8 dilution in 1% gelatin-PBS). TEM

images were acquired with a FEI Tecnai T12 transmission electron microscope at 120kV.

Cell viability assay

Neuro-2a cells (ATCC catalog # CCL-131) were cultured in MEM media (Life Technologies
catalog # 11095-080) with 10% FBS (Life Technologies catalog # 10437010) and 1% penicillin—
streptomycin (Life Technologies catalog # 15140122) in a 5% CO. incubator at 37 °C. N2a cells
were plated onto clear 96-well plates (Costar catalog # 3596) at 5,000 cells/well in 90 pL culture
media. After 24 h, the nanobody was added at various concentrations. After incubation for an
additional 24 h, 20 pL thiazolyl blue tetrazolium bromide MTT dye (Sigma; 5 mg/mL stock in
DPBS) was added to each well and then incubated for 3.5 h at 37 °C. Removal from the
incubator and replacement of well media with 100 uL of 100% DMSO halted the assay.
Absorbance was measured at 570 nm using a SpectraMax M5 reader. A background reading at
700 nm was subtracted from the 570 nm reading. Well readings were normalized to vehicle-
alone—treated cells (designated as 100% viable) and cells treated with 100% DMSO

(designated as 0% viable).

Animal experiments
All animal experiments were approved by the UCLA Animal Research Committee and
performed under oversight of the Division of Laboratory Animal Medicine (DLAM). C57BL/6J

mice (Jackson Laboratories: JAX:000664) were housed on a 12-hr light/dark schedule.

Sample preparation for LC-MS/MS analysis
Mice were injected intravenously with the bispecific nanobody (IR5-WIW) at a concentration of
20 mg/kg (n = 3) or the second generation WIW nanobody at a concentration of 10 mg/kg (n =

3) and sacrificed by perfusion 30 min post-injection. Brains were collected by standard
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dissection and immediately frozen. For each brain, 100 mg was dissected and homogenized in
1 mL of 1x SDS buffer (2% SDS, pH 6.8) with a Fisherbrand 850 Homogenizer for 15 seconds.
Next, each 1 mL of homogenate was concentrated using a Labconco CentriVap Benchtop
Vacuum Concentrator to 500 pL. Each brain homogenate (90 uL) was mixed with 30 uL of
loading dye including B-mercaptoethanol and urea. Next, 40 pL of the brain homogenate/loading
dye mixture was run in three wells of a NUPAGE™ 4 to 12%, Bis-Tris, 1.0 mm, 10-well gel.
Coomassie blue-stained bands were then excised for LC-MS/MS sample preparation. For brain
samples with IR5-WIW, the gel was cut in the range of 20-30 kDa. For brain samples with WIW,
the gel was cut in the range of 10-15 kDa. Additional details about the tryptic digestion, tandem
mass spectrometry, and quantification by parallel reaction monitoring are provided in the
supplementary material. Proteomic datasets submitted to the ProteomeXchange Consortium

through the MassIVE repository are identified as PXD043069.
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Figure 1. Design and testing of first generation nanobody inhibitors of tau seeding. (A)
Schematic representation of nanobody designs. The tau inhibitor sequences are grafted into the
CDRS3 of heavy chain of VDW, W3 and WIW nanobodies. (B) SDS/PAGE and Western blot
analysis of VDW nanobody purification using anti-His tag antibody, lanes 1 & 2 = Nanobody
elution fractions, lane 3 = Flow-through. The SDS/PAGE gel was stained with Coomassie blue.
(C) Dot blot showing immunoreactivity of VDW nanobody towards fibrils and monomer of tau-
K18. The positive control protein is unrelated to tau and has a His tag. (D) X-ray crystal
structure of the WIW nanobody inhibitor showing its CDRs. CDR1 in green, CDR2 in blue and
CDR3 in red. (E) Model of the WIW nanobody inhibitor (yellow) capping the end of PHF filament
with the top layer shown in blue. (F) Detailed model of the hydrogen-bonded interaction (yellow
dotted lines) of the designed inhibitor and PHF fibrils. The side chain interaction is shown in
yellow dots whereas the broken hydrogen bonds are shown in red dots. (G-H) Quantification of
the effects of VDW, W3 and WIW nanobodies on inhibition of seeding by brain extracts from AD
brain tissues (AD1 F, frontal lobe and AD2), measured in HEK293 biosensor cells expressing
YFP-tagged tau-K18. The inhibitor concentration of all nanobodies was 10 uM on the biosensor
cells. The experiment was performed in technical triplicate. Statistical analysis was performed
using one-way ANOVA followed by a Tukey's multiple comparison test (ns, p > 0.05; *, p < 0.05;
** p<0.01; **, p<0.001; ***, p <0.0001) in GraphPad Prism. (I) Representative images of
seeding and inhibition in HEK293 biosensor cells expressing YFP-tagged tau-K18. Cells seeded
with brain extracts from AD Donor 2 (AD2) without pre-treatment with nanobodies (left panel),
and following overnight incubation with WIW nanobody (as indicated). Representative cells that
contain aggregates are marked by red arrows, and cells without by white arrows. (J)
Representative EM of immune-gold labeling with antibodies of VDW nanobody, and tau-k18

fibrils. Fibril binding at the tip is marked by blue arrows.
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Figure 2. Design and testing of second generation capping nanobodies that inhibit the
seeding of tau aggregation by extracts from autopsied brains of AD patients. (A)
Schematic representation of nanobody designs, showing the tau inhibitor sequences grafted
into the CDR3 of heavy chain of the WIW, SV, W3, M4, R9 and QIINK nanobodies. (B) EM of
fibrils from AD patient brain extract (AD3). Scale bar 100 nm. Brain extracted-fibrils show two
twisted protofilaments. (C-E) Quantification of the inhibitory effect of WIW, SV, W3, M4, R9,
QIINK and non-cognate nanobodies on inhibition of seeding by AD patient brain extracts. The

inhibitor concentration of all nanobodies was 10 uM on the biosensor cells. The experiment was
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performed in technical triplicate. Statistical analysis was performed using one-way ANOVA
followed by a Tukey's multiple comparison test (ns, p > 0.05; *, p < 0.05; **, p< 0.01; ***, p <
0.001; ****, p £0.0001) in GraphPad Prism. (C) AD3. (D) AD4. (E) AD5. “No I” indicates no
inhibitor. (F) Representative second-generation nanobody WIW inhibits seeding by brain extract
AD3 at doses ranging from 1-10 uM. The experiment was performed in technical triplicate.
Statistical analysis was performed using one-way ANOVA followed by a Tukey's multiple
comparison test (ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p £0.0001) in
GraphPad Prism. (G) Representative second-generation nanobody WIW demonstrates no
toxicity towards Neuro 2A cells. The experiment was performed in technical triplicate. Statistical
analysis was performed using one-way ANOVA followed by a Tukey's multiple comparison test

(ns, p>0.05; *, p=<0.05; **, p=<0.01; ***, p<0.001; ****, p £0.0001) in GraphPad Prism.
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Figure 3. Inhibition of seeding by tau-K18 oligomers using the second generation of WIW
capping nanobodies. (A) Purification of tau-K18 oligomers after SEC using a S75 10/300
column as previously described (43). Fractions marked between the solid lines were pooled for
use. (B) Dot blot of tau-K18 oligomer (left set of three) and monomer (middle set of two)
fractions eluted from SEC column and starting tau-K18 monomer used to form oligomers (right

sample). M204 is anti-oligomer monoclonal antibody that binds tau-K18 oligomer but not
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monomer. (C) Electron micrographs of tau-K18 oligomers show spherical particles with a
diameter of 10-20 nm. Scale bar 100 nm. (D) Representative second-generation nanobody WIW
inhibits seeding by tau K18 oligomers at doses ranging from 1 to 10 uM. The experiment was
performed in technical triplicate. Statistical analysis was performed using one-way ANOVA
followed by a Tukey's multiple comparison test (ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001) in GraphPad Prism. (E) Representative images of seeding and inhibition by
WIW and SV nanobodies. Representative cells containing aggregates are marked by red

arrows, and cells without by white arrows.
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Figure 4. Designed capping nanobodies inhibit the seeding of purified tau fibrils from
human brain donor with AD pathology. (A) Electron micrograph of purified fibrils from brain
donor AD3 immunogold labeled by an anti-tau antibody. (B) Quantification of the inhibitory effect
of WIW, SV, M4, R9, QIINK and non-cognate nanobodies on inhibition of seeding by purified AD
brain fibrils (AD3). The inhibitor concentration of all nanobodies was 10 uM on the biosensor
cells. The experiment was performed in technical triplicate. Statistical analysis was performed
using one-way ANOVA followed by a Tukey's multiple comparison test (ns, p > 0.05; *, p < 0.05;
** p<0.01; **, p<0.001; ***, p <0.0001) in GraphPad Prism. (C) Representative images of
seeding and inhibition of AD3 fibrils in HEK293 biosensor cells expressing YFP-tagged tau-K18.
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Representative cells containing aggregates are marked by red arrows, and cells without by

white arrows. The abbreviation of no inhibitor is “No I”.
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Figure 5. Designed bispecific nanobody that crosses the blood brain barrier. (A) The
bispecific nanobody constructed by conjoining the WIW nanobody and IR5 Nanobody (46) with
a flexible linker of sequence (Gly4Ser)3. (B) S75 SEC of bispecific WIW nanobody showing a
prominent species for the collected middle peak fractions. (C) SDS-PAGE analysis of prominent
bispecific WIW reveals one band with ~30 kDa. (D) Concentration of the bispecific nanobody
and second generation WIW nanobody in wild type mouse brain (n = 3 mice for each

nanobody). Nanobodies were quantified using LC-MS/MS.
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S| APPENDIX

Supplementary Table 1. Sequences of first generation nanobodies.

Name Sequence

w3 QVQLQESGGGLVQPGGSLRLSCAASGRTFSSYNMGWFRQAPGKGREFVASITSS
GDKSDYTDSVKGRFTISRDNAKNTMYLQMNNLKPEDTATYYCARGGGDVWIINKK
LKGGGTQVTVSS

wiw QVQLQESGGGLVQPGGSLRLSCAASGRTFSSYNMGWFRQAPGKGREFVASITSS
GDKSDYTDSVKGRFTISRDNAKNTMYLQMNNLKPEDTATYYCARGGGSVWIWYE
GGGTQVTVSS

vDW QVQLQESGGGLVQPGGSLRLSCAASGRTFSSYNMGWFRQAPGKGREFVASITSS

GDKSDYTDSVKGRFTISRDNAKNTMYLQMNNLKPEDTATYYCARGSVWIWYEPV

DWSEGTQVTVSS

CDRa3 is bolded.
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Supplementary Table 2. Data collection and refinement statistics.

Data collection

WIW nanobody inhibitor

Wavelength
Resolution range
Space group

Unit cell

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(l)
Wilson B-factor
R-merge

R-meas

CC1/2

Reflections used in refinement

Reflections used for R-free
R-work

R-free

Number of non-hydrogen atoms

macromolecules
ligands
solvent

Protein residues
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55.36 -1.40 (1.45 - 1.40)
14

78.29 78.29 38.22 90 90 90
63606 (6249)

22608 (2226)

2.8 (2.8)

98.48 (98.50)

5.3 (1.9)

17.04

0.131 (0.440)

0.161 (0.543)

96.4 (81.0)

22608 (2236)

2268 (231)

0.188 (0.287)

0.216 (0.289)

1085

970

6

109
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RMS(bonds)
RMS(angles)
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Clashscore
Average B-factor
macromolecules
ligands

solvent

0.013

1.75

90.2

9.8

0.0

23.0

221

35.1

31.0
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Supplementary Table 3. Tauopathies brain patient samples used for seeding experiments.

Age at Brain extract Braak
Number PatientID Gender death Clinical region Etiology Stage
1 AD1F F 78 AD right frontal AD VI
2 AD10 F 78 AD right occipital AD VI
3 ADT1HIP F 78 AD left hippocampus AD Vi
4 AD2 M 71 AD left frontal AD VI

left middle frontal

5 AD3 M 68 AD gyrus, posterior AD Vi
left inferior

6 AD4 F 58 CBS/AD temporal gyrus  AD Vi
left inferior

7 AD5 F 69 AD temporal gyrus  AD \'/
left inferior

8 ADG6 F 65 AD temporal gyrus  AD Vi
left inferior

9 AD7 M 70 AD temporal gyrus  AD Vi
left inferior

10 AD8 M 72 AD temporal gyrus  AD Vi
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11

12

13

14

AD9

AD10

PSP1

PSP2

M

66

64

71

70

AD

AD

PSPS

nfvPPA

left inferior
temporal gyrus,
posterior

left inferior
temporal gyrus,
posterior

right lateral
orbitofrontal

cortex

Vi
AD

Vi
AD
PSP

left angular gyrus PSP ]
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Supplementary Table 4. Sequences of second generation nanobodies.

Name

Sequence

w3

QVQLQESGGGLVQPGGSLRLSCAASGFTVSNSRMYWVRQAPGKGLEWVSSIR
PSGEVIYATDSVKGRFIISRDNAKNTLHLQMNSLKPEDTARYYCARGGGDVWIINK

KLKGGGTQVTVSS

M4

QVQLQESGGGLVQPGGSLRLSCAASGFTVSNSRMYWVRQAPGKGLEWVSSIR
PSGEVIYATDSVKGRFIISRDNAKNTLHLQMNSLKPEDTARYYCARGGGDVQMIN

KKLKGGGTQVTVSS

R9

QVQLQESGGGLVQPGGSLRLSCAASGFTVSNSRMYWVRQAPGKGLEWVSSIR
PSGEVIYATDSVKGRFIISRDNAKNTLHLQMNSLKPEDTARYYCARGGGDVQIINK

KRKGGGTQVTVSS

QIINK

QVQLQESGGGLVQPGGSLRLSCAASGFTVSNSRMYWVRQAPGKGLEWVSSIR
PSGEVIYATDSVKGRFIISRDNAKNTLHLQMNSLKPEDTARYYCARGGGKVQIINK

KLDGGGTQVTVSS

wWIw

QVQLQVSGGGLVQPGGSLRLSCAASGFTVSNSRMYWVRQAPGKGLEWVSSIR
PSGEVIYATDSVKGRFIISRDNAKNTLHLQMNSLKPEDTARYYCARGGGSVWIWY

EGGGTQVTVSS

SV

QVQLQVSGGGLVQPGGSLRLSCAASGFTVSNSRMYWVRQAPGKGLEWVSSIR
PSGEVIYATDSVKGRFIISRDNAKNTLHLQMNSLKPEDTARYYCARGGGSVQIVY

KGGGTQVTVSS

Non-

cognate

QVQLQVSGGGLVQPGGSLRLSCAASGFTVSNSRMYWVRQAPGKGLEWVSSIR
PSGEVIYATDSVKGRFIISRDNAKNTLHLQMNSLKPEDTARYYCARERPSGVRGQ

GTQVTVSS

IRS-WIW

QVQLQESGGGLVQAGGSLRLSCAASGRTIDNYAMAWSRQAPGKDREFVATIDW

GDGGARYANSVKGRFTISRDNAKGTMYLQMNNLEPEDTAVYSCAMARQSRVNL
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DVARYDYWGQGTQVTVSSGSSSSGSSSSGSSSSQVQLQESGGGLVQPGGSLR
LSCAASGFTVSNSRMYWVRQAPGKGLEWVSSIRPSGEVIYATDSVKGRFIISRDN

AKNTLHLQMNSLKPEDTARYYCARGGGSVWIWYEGQGTQVTVSS

CDRa3 is bolded.
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Supplementary Figure 1. Design, expression and purification of the first generation of
anti-tau seeding nanobody inhibitors. (A) SEC purification of VDW, W3 and WIW nanobodies
show a prominent species. (B) SDS/PAGE analysis of VDW, W3 and WIW nanobodies show ~

15 kDa prominent peak after SEC purification using a HiLoad 16/600 Superdex 75 pg column.
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The SDS/PAGE gel was stained with Coomassie blue. Nanobody fractions in the dashed lines
were pooled for use. (C) Western blot analysis of VDW, W3 and WIW nanobodies probed with
HisProbe-HRP antibody. (D) The original VWIWYE inhibitor peptide (orange) was intended to
adopt a beta-sheet conformation and make backbone hydrogen bonds to tau segment 306-
VQIVYK-311 of PHF (gray) (7nrv) (12). Here, the tau-inhibitor design is viewed along the
direction of the fibril axis. Val, lle, and Tyr side chains of the inhibitor were designed to lend
stability through hydrophobic stacks with V306, 1308, and Y310. A glutamate side chain was
designed to lend electrostatic complementarity by stacking on Lys311 to, and two tryptophan
residues were designed to block addition of tau molecules to the fibril tip. (E) Manual docking of
the WIW nanobody crystal structure on tau shows how closely experiment matched the design.
Remarkably, the nanobody crystal structure (pink) revealed that the inhibitor sequence
VWIWYE inserted in the CDR3 loop did indeed adopt a beta strand conformation roughly
compatible with our design concept. The inhibitor insert 103-VQIVYE-108 is shown here
manually docked on the tau PHF structure (gray). Although the resemblance is evident, we note
important deviations. For example, E108 adopts a conformation that prohibits electrostatic
complementation with tau Lys311. Further engineering of the linker might allow this ion bridge to
form. (F) Negative stain electron micrograph of recombinant tau-K18 oligomers. Scale bar 100
nm. (G) Quantification of the inhibitory effect of VDW, W3 and WIW nanobodies on inhibition of
seeding by recombinant tau-K18 oligomers, measured in HEK293 biosensor cells. The inhibitor
concentration of all nanobodies was 10 uM on the biosensor cells. The experiment was
performed in technical triplicate. Statistical analysis was performed using one-way ANOVA
followed by a Tukey's multiple comparison test (ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p <
0.001; ***, p <0.0001) in GraphPad Prism. (H) Representative images of seeding and inhibition
by VDW, W3 and WIW nanobodies. Representative cells that contain aggregates are marked by

red arrows, and cells without by white arrows.
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Supplementary Figure 2. Inhibition of seeding by AD-derived brain extracts and K18
oligomers using the second generation of WIW and SV capping nanobody inhibitors. (A)
SDS/PAGE analysis of WIW and SV nanobodies show ~ 15 kDa after Ni-NTA purification. The
SDS/PAGE gel was stained with Coomassie blue. Nanobody fractions in the dashed lines were
pooled for use. (B) Western blot analysis of WIW and SV nanobodies probed with HisProbe-
HRP antibody. (C-J) Quantification and representative images of the inhibitory effect of WIW
and SV nanobody inhibitors on inhibition of seeding by brain extracts from AD brain tissue
measured in HEK293 biosensor cells expressing YFP-tagged tau-K18. As control experiment,

individual WIW and SV nanobodies show no seeding in biosensor cells. The inhibitor
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concentration of all nanobodies was 10 yM on the biosensor cells. The experiment was
performed in technical triplicate. Statistical analysis was performed using one-way ANOVA
followed by a Tukey's multiple comparison test (ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p <
0.001; ***, p <0.0001) in GraphPad Prism. Representative cells containing aggregates are
marked by red arrows, and cells without by white arrows. (C & D) AD1 F (Frontal lobe). (E & F)
AD1 O (Occipital lobe). (G & H) AD1 H (Hippocampus). (I & J) AD2. (K & L) Quantification and
representative images of the inhibitory effect of WIW and SV nanobody inhibitors on inhibition of
seeding by K18 oligomers measured in HEK293 biosensor cells expressing YFP-tagged tau-

K18.
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Supplementary Figure 3. Inhibition of seeding by AD-derived brain extracts using the
second generation of WIW, W3, SV, M4, R9, and QIINK capping nanobody inhibitors. (A)
Purification of the W3, M4, R9 and QIINK nanobodies after Ni-NTA column. Nanobody fractions
in the dashed lines were pooled for use. (B) Western blot analysis of the purified W3, M4, R9
and QIINK nanobodies probed with anti-His tag antibody. (C) Representative images of seeding
by AD3 and inhibition in HEK293 biosensor cells expressing YFP-tagged tau-K18. (D)
Representative images of seeding and inhibition by AD4 and inhibition in HEK293 biosensor
cells expressing YFP-tagged tau-K18. (E) Representative images of seeding and inhibition by
AD5 and inhibition in HEK293 biosensor cells. Representative cells containing aggregates are

marked by red arrows, and cells without by white arrows.
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Supplementary Figure 4. Capping nanobodies inhibit the seeding of tau aggregation by
autopsied brain extracts from human AD brain patients. (A-J) Quantification and
representative images of the inhibitory effect of designed nanobody inhibitors on inhibition of
seeding by brain extracts from AD brain tissue measured in HEK293 biosensor cells expressing

YFP-tagged tau-K18. The inhibitor concentration of all nanobodies was 10 uM on the biosensor
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cells. The experiment was performed in technical triplicate. Statistical analysis was performed

using one-way ANOVA followed by a Tukey's multiple comparison test (ns, p > 0.05; *, p < 0.05;
** p<0.01; ** p<0.001; ***, p <0.0001) in GraphPad Prism. Representative cells containing
aggregates are marked by red arrows, and cells without by white arrows. (A & B) AD6. (C & D)

AD7. (E & F) AD8. (G & H) AD9. (1 & J) AD10.

130



C Seeded by purified fibrils from PSP1 D Seeded by purified fibrils from PSP2

*kkk
Kkkk f *

n.s. "

# of seeded aggregates

Non-cognate |[No seeds

25 pm

Supplementary Figure 5. Capping nanobodies inhibit the seeding of human brain
extracts from two donors with progressive supranuclear palsy (PSP). (A) EM image of
PSP fibrils from brain donor extracts with PSP pathology (PSP1). (B) Zoom view of PSP fibrils
shows a twisted filaments morphology. (C-D) Quantification of the inhibitory effect of WIW, SV,
W3, M4, R9, QIINK and non-cognate nanobodies on inhibition of seeding by brain extracts from

two donors with PSP pathology. The inhibitor concentration of all nanobodies was 10 uM on the
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biosensor cells. The experiment was performed in technical triplicate. Statistical analysis was
performed using one-way ANOVA followed by a Tukey's multiple comparison test (ns, p > 0.05;
*, p<0.05;**, p=<0.01; **, p<0.001; ***, p <0.0001) in GraphPad Prism. (C) PSP1. (D)
PSP2. (E) Representative images of seeding and inhibition by PSP1 in HEK293 biosensor cells
expressing YFP-tagged tau-K18. Representative cells containing aggregates are marked by red

arrows, and cells without by white arrows.
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A QVQLQESGGGLVQAGGSLRLSCAASGRTIDNYAMAWSRQAPGKDREFVATIDWGDGGARYANSVK
GRFTISRDNAKGTMYLQMNNLEPEDTAVYSCAMARQSRVNLDVARYDYWGQGTQVTVSSGSSSSG
SSSSGSSSSQVALQESGGGLVQPGGSLRLSCAASGFTVSNSRMYWVRQAPGKGLEWVSSIRPSG
EVIYATDSVKGRFIISRDNAKNTLHLQMNSLKPEDTARYYCARGGGSVWIWYEGQGTQVTVSS

B Pure IR5-WIW MS/MS Spectra for QVQLQESGGGLVQPGGSLR
(miz= 955.50664, RT= 34.7831 min)
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Supplementary Figure 6. Detection of bispecific WIW nanobody in mouse brain. (A)
Sequence of bispecific WIW. The WIW and IR5 nanobody domain sequences are colored green
and red, respectively. The WIW nanobody and IR5 Nanobody fragments are connected by a
flexible linker with sequence (Gly4Ser)3, which is colored black. B) Data-dependent MS2
spectra of QVQLQESGGGLVQPGGSLR from pure IR5-WIW nanobody sample. C) Standard
samples were prepared by spiking naive brain tissue with nanobody at concentrations of 0, 1,
10, 20, and 50 pg/g brain. Table of peak areas for peptide QVQLQESGGGLVQPGGSLR
measured in standard samples. D) Quantification curve for measured peak areas in standard
samples. E) Concentration of nanobody in unknown samples calculated using the quantification

curve in D.
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Supplementary Figure 7. Detection of second generation WIW nanobody in mouse brain.
(A) Sequence of WIW. B) Data-dependent MS2 spectra of QVQLQVSGGGLVQPGGSLR from
pure WIW nanobody sample. C) Standard samples were prepared by spiking naive brain tissue
with nanobody at concentrations of 0, 1, 10, 30, and 100 pg/g brain. Table of peak areas for
peptide QVQLQVSGGGLVQPGGSLR measured in standard samples. D) Quantification curve
for measured peak areas in standard samples. E) Concentration of nanobody in unknown

samples calculated using the quantification curve in D.
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Supplementary Figure 8. lon chromatograms for detection of IR5-WIW and WIW
nanobody peptides in mouse brain. (A-C) lon chromatogram for IR5-WIW nanobody peptide
(QVQLQESGGGLVQPGGSLR) for Mouse 1-3. Peaks are labeled with retention times (min) and
mass error (ppm). (D-F) lon chromatogram for IR5-WIW nanobody peptide
(QVQLQVSGGGLVQPGGSLR) for Mouse 4-6. Peaks are labeled with retention times (min) and

mass error (ppm).
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SUPPLEMENTARY MATERIALS AND METHODS

Trypsin Digestion for LC-MS/MS Analysis

Gel bands were washed by incubating in 50% acetonitrile/50%100 mM ammonium bicarbonate
for 15 min, multiple times. Gel-embedded proteins were reduced with 10 mM TCEP (Sigma) for
about one hour with shaking at 56 °C, and then alkylated with 100 mM iodoacetamide (Sigma)
in 100 mM ammonium bicarbonate at room temperature for 30 min in the dark. The excised
bands were re-washed with 50% acetonitrile/50% 100 mM ammonium bicarbonate, as
described above. Following washing, the gel bands were incubated in 100% acetonitrile for 10
min (room temperature); solvent was withdrawn and the gels were air-dried for 20 min. Next, the
gel-embedded proteins were digested with 600 ng of modified trypsin in 60 uL of 100 mM
ammonium bicarbonate at 37 °C overnight. Peptides were extracted in 47.5% water/47.5%

acetonitrile/5% formic acid.

Along with the live mouse samples, a series of standards were prepared in which IR5-WIW
(concentrations of 0, 1, 10, 20 and 50 pg/g brain tissue) or WIW (concentrations of 0, 1, 10 and
30 pg/g brain tissue) were added to 100 mg nanobody-naive mouse brain tissue. These
samples were processed as described above, with the exception that 120 pL of non-
concentrated brain homogenate was mixed with 40 pL of loading dye with B-mercaptoethanol
and urea, and 40 uL of the brain homogenate/loading dye mixture was run in four wells of a
NuPAGE™ 4 to 12%, Bis-Tris, 1.0 mm, 10-well gel. The final total protein concentration of all
samples and standards was normalized using a Thermo Scientific Nanodrop 2000 to ensure no

differences between CentriVap concentrated samples and non-concentrated samples.

In addition to the gel bands, pure nanobodies in solution (IR5-WIW and WIW) were each

reduced with 10 mM TCEP (Sigma) for 1 hr with shaking at 56 °C followed by alkylation with 40
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mM iodoacetamide (Sigma) for 30 min at room temperature in the dark. Alkylation was
quenched with 10 mM DTT (Sigma). Samples were each digested with 200 ng modified trypsin

in 100 mM ammonium bicarbonate at 37 °C overnight.

LC-MS/MS and Parallel Reaction Monitoring (PRM) Analyses

Dried peptides were reconstituted in 0.5% formic acid and desalted with C18 StageTips (68).
The resulting peptides were dissolved in 1% acetonitrile with 0.1% formic acid. Digested
peptides were separated on an EASY-Spray column (25 cm x 75 pM internal diameter, PepMAP
RSLC C18, 2 yM, Thermo Scientific) connected to an UltiMate™ 3000 RSLCnano HPLC
(Thermo Scientific) and eluted using a gradient of 3%-35% acetonitrile in 0.1% formic acid for O-

44 min and 95%-3% acetonitrile in 0.1% formic acid for 45-60 min at a flow rate of 300 nL/min.

Tandem mass spectra were collected for survey studies in a data-dependent matter with an
Orbitrap Exploris 480 mass spectrometer (Thermo Scientific) interfaced to a nano-ESI source
(Thermo Scientific). The RAW data was searched against nanobody sequences by
ProteomeDiscoverer™ version 2.4 using Sequest HT. The precursor mass tolerance was £10
ppm and fragment mass tolerances were +0.02 m/z. Methionine oxidation was considered as a
variable modification and cysteine carbamidomethylation was applied as a static modification.
High confidence peptides were identified, some of which were employed in parallel monitoring

reaction analyses.

Peptides QVQLQESGGGLVQPGGSLR (Charge = +2, m/z=955.5122, unique to IR5-WIW) and
QVQLQVSGGGLVQPGGSLR (Charge = +2, m/z=940.52117, unique to WIW) were ultimately

selected for quantification. Tandem mass spectra were collected from standard concentrations
spiked into brain homogenates and from mouse brain samples using a targeted tandem MS

(tMS2 otcid) method with the Orbitrap Exploris 480 mass spectrometer. PRM data were
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analyzed using Skyline (v22.2.0.527) (69). Peptide settings allowed no missed cleavages for
trypsin digestion ([KR|P]) and required a minimum of 8 and maximum of 25 amino acids, while
excluding the 25 N-terminal amino acids. The MS/MS transition settings employed 0.02 m/z,
and a method match tolerance of 0.02 m/z. The acquisition method under Full-Scan parameters
was set to PRM with Orbitrap mass analyzer and with a resolving power of 60,000 at m/z 400.
lon chromatograms displayed in the Supplementary Methods were smoothed by a Savitzky-
Golay transformation. Standard curves were plotted using the summed ys, y13, and y14 (singly-
charged) peak areas; i.e., m/z 586.3307, m/z 1184.6382, and m/z 1313.6808, respectively, for
IR5-WIW and m/z 586.3307, m/z 1184.6382, and m/z 1283.7066, respectively, for WIW.
Proteomic datasets submitted to the ProteomeXchange Consortium through the MassIVE

repository are identified as PXD043069.

A consideration in calculating protein amounts based on the abundances of peptides with N-
terminal GIn is that variable amounts of cyclization to pyro-glutamine could impact accuracy.
Here, the calculations assumed a constant amount of glutamine cyclization for all samples and

standards.

68. Ishihama Y, Rappsilber J, & Mann M (2006) Modular stop and go extraction tips with
stacked disks for parallel and multidimensional Peptide fractionation in proteomics. J Proteome
Res 5(4):988-994.

69. Pino LK, et al. (2020) The Skyline ecosystem: Informatics for quantitative mass

spectrometry proteomics. Mass Spectrom Rev 39(3):229-244.
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Abstract

Aggregation of the microtubule-binding protein tau is the histopathological hallmark of
Alzheimer’s disease (AD) and other neurodegenerative diseases, which are collectively known
as tauopathies. Studies in AD patients have shown that tau aggregation is correlated with
neuron loss, brain atrophy, and cognitive decline, so reversing tau aggregation is a potential
therapeutic avenue for AD. In a previous study, we discovered CNS-11, a small molecule that
disaggregates AD patient brain-derived tau fibrils in vitro. In this study, we discover two
additional chemical analogs of CNS-11 that disaggregate AD patient brain-derived tau fibrils and
prevent seeding in a tau aggregation cell culture model. We also demonstrate that eight weeks
of treatment with either CNS-11 or its two analogs significantly reduces levels of insoluble tau in
a mouse model of tauopathy. This study demonstrates the potential of using structure-based
methods to discover small molecules that can disaggregate tau for AD and related tauopathies.

(150 words)

Introduction

Alzheimer’s disease (AD) is a slow and progressive form of dementia. AD is associated with
accumulation of the proteins amyloid- (AB) and tau as extracellular amyloid plaques and
intracellular neurofibrillary tangles (NFTs), respectively. Amyloid plaques and NFTs have been
hypothesized to cause neuron death, so targeting their formation has been one approach for
designing therapeutics. For example, FDA approved drugs aducanumab and lecanemab are
monoclonal antibodies that target AB and the formation of amyloid plaques(7, 2). However,
laboratory(3—7) and clinical(8—17) studies in AD patients have demonstrated that increased

NFTs formed from tau, not plaques formed from AP, are correlated with neuron loss, brain
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atrophy, and cognitive decline. Therefore, drugs targeting tau instead of AB could have greater

potential in halting the progression of AD.

NFTs form when tau undergoes a conformational change from soluble monomer to insoluble
amyloid fibril. In AD patients, tau deposition and NFT formation progresses in an orderly fashion,
beginning in the entorhinal cortex, spreading to synaptically connected regions such as the
hippocampus, and eventually moving to the neocortex(72, 13). This pattern suggests that tau
pathology spreads by “seeding”, or conversion of soluble tau to its insoluble form by existing tau
fibrils. Multiple laboratory studies have demonstrated seeding among cultured cells(74-77) and
in mice(718-23). When small quantities of preformed fibrils are transfected into tau-expressing
cells, large amounts of soluble tau are rapidly recruited (“seeded”) into insoluble aggregates
resembling NFTs(76). When transgenic mice expressing human tau are injected intracranially
with preformed fibrils, tau inclusions develop in the injected hippocampus and eventually spread
to the contralateral hippocampus(20, 27). Drugs that could disaggregate insoluble tau fibrils and
prevent them from seeding the formation of additional fibrils would have the potential to halt the

progression of AD.

The small molecule EGCG, abundant in green tea, has long been known to disaggregate
amyloid fibrils(24-26). However, EGCG has poor bioavailability, failing to penetrate the brain,
and is readily modified in the body(27). In a recent study, to understand how EGCG can
disaggregate stable fibrils, we used cryo-electron microscopy to determine the atomic structure
of AD brain-extracted tau bound to EGCG(28). Using the EGCG binding position as a
pharmacophore, we computationally screened thousands of drug-like compounds that have
characteristics favoring BBB permeability (following the Lipinski rule of five, low polar surface

area, etc.). With experimental validation, we discovered lead compound CNS-11, which
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prevents seeding in a tau aggregation cell culture model and disaggregates AD patient brain-

derived tau fibrils in vitro(28).

In this study, we screen four of chemical analogs of CNS-11 for their ability to disaggregate AD
patient brain-derived tau fibrils in vitro. Additionally, to determine whether CNS-11 and its
analogs can disaggregate tau in vivo, we assess their ability to reduce insoluble tau in a mouse
model of tauopathy. Our work evaluates the potential of using structure-based methods to

discover small molecules that can disaggregate tau for AD and related tauopathies.

Results

Discovery of CNS-11 as a tau disaggregator

In a recent study, we used cryo-electron microscopy to determine the atomic structure of AD
brain-extracted tau bound to EGCG(28). Using the EGCG binding position as a pharmacophore,
we computationally screened thousands of drug-like compounds that have characteristics
favoring BBB permeability (following the Lipinski rule of five, low polar surface area, etc.)
(Figure 1A). We experimentally screened 46 compounds in a tau aggregation cell culture model
and identified 11 compounds that inhibit the seeding efficiency of AD brain extracts by at least
50% (Figure 1B). We selected four compounds for further characterization by quantitative
electron microscopy (Figure 1C-D) and found that CNS-11 disaggregates AD patient brain-
derived tau fibrils in vitro with an efficiency approaching EGCG (Figure 1E). In another recent
study, we administered the lead compound, CNS-11, by tail vein injection to C57BL/6J mice and

found that it crosses the blood-brain barrier(29).

CNS-11 reduces levels of insoluble tau in PS19 mice without causing obvious toxicity
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To determine whether CNS-11 can disaggregate tau fibrils in vivo, we sought to characterize its
efficacy in a mouse model of tauopathy. The PS19 line of transgenic mice express human tau
with the P301S mutation and develop hyperphosphorylated tau inclusions after six months of
age(30). Young PS19 mice can be seeded by intracranial injection of tau fibrils to rapidly induce
tau pathology and to ensure consistency in tau spreading among mice(20). We stereotaxically
seeded 10 two-month-old PS19 mice with tau-K18+ pre-formed fibrils in the right hippocampus
and the right frontal cortex, as previously described(37). In addition, we stereotaxically injected
PBS in 4 wild-type, age-matched B6C3F1/J mice to serve as controls. Beginning four weeks
after surgery, we administered CNS-11 at a dose of 1 mg per kg of body weight (mg/kg) by tail
vein injection to n = 5 PS19 mice, and vehicle (1xPBS with 10% DMSO) to n = 5 PS19 mice,

once a week for eight weeks (Figure 2A).

After eight weeks of treatment, we euthanized the mice by cardiac perfusion and collected their
brain tissue for post-mortem analysis. We homogenized the right hippocampus in RIPA buffer,
separated the homogenate into RIPA-soluble and RIPA-insoluble fractions, and performed
Western blot analysis of the RIPA-soluble and RIPA-insoluble fractions. Seeded PS19 mice had
significantly higher levels of soluble tau and insoluble tau compared to wild-type mice (Figure
2B-D, Supplementary Figure 1). Treatment of PS19 mice with CNS-11 did not significantly
change levels of tau in the soluble fraction (Figure 2B-C, Supplementary Figure 1) but
significantly reduced levels of tau in the insoluble fraction (Figure 2B&D, Supplementary

Figure 1).

Additionally, we collected plasma and major organs, including heart, lung, kidney, liver, and
spleen. We measured plasma AST levels to assess liver function. Treatment with CNS-11 did
not significantly change plasma AST levels, indicating that it does not affect liver function

(Figure 2E). We performed hematoxylin and eosin (H&E) staining on sections of the major
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organs. We plan to observe the tissue sections for any morphological changes, necrosis, or

other signs of toxicity (Figure 2F).

Chemical analogs of CNS-11 also disaggregate tau fibrils from AD patients and prevent
seeding in HEK293 biosensor cells

In another recent study, we screened CNS-11 and ten chemical analogs for their ability to
disaggregate a-synuclein fibrils extracted from post-mortem brain tissue of multiple system
atrophy (MSA) patients. We discovered that CNS-11G disaggregates MSA patient brain-derived
fibrils and prevents seeding in an a-synuclein aggregation cell culture model(29). Therefore, we
sought to additionally screen four of these ten chemical analogs, CNS-11A, CNS-11B, CNS-
11D, and CNS-11G, for their ability to disaggregate tau fibrils extracted from post-mortem brain

tissue of AD patients (Figure 3A).

We extracted fibrils from post-mortem brain tissue of three AD patients (Supplementary Table
1). We incubated the AD brain-derived fibrils with vehicle (DMSO), EGCG, CNS-11, or one of
the four chemical analogs of CNS-11. EGCG, CNS-11, CNS-11D, and CNS-11G consistently
reduced the number of AD brain-extracted fibrils across three patient brain samples (Figure 3B-

C, Supplementary Figure 2).

Next, we determined whether these chemical analogs could prevent seeding by AD tau fibrils in
a tau aggregation cell model. HEK293T biosensor cells stably express YFP-fused tau-K18(17).
When HEK293T biosensor cells are seeded by exogenous tau fibrils, endogenous YFP-fused
tau-K18 aggregates and forms fluorescent, quantifiable puncta. We incubated AD brain-derived
fibrils from AD1 with vehicle (DMSO), EGCG, CNS-11, or one of the four chemical analogs of
CNS-11 and seeded biosensor cells with the mixtures. EGCG, CNS-11, CNS-11A, CNS-11D,

and CNS-11G reduced seeding by AD brain-derived fibrils in tau biosensor cells (Figure 3D).
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CNS-11D crosses the blood-brain barrier more readily than CNS-11 and CNS-11G
Because CNS-11D and CNS-11G showed promise as tau disaggregators, we next assessed
their ability to cross the blood-brain barrier. We previously determined that CNS-11 and CNS-
11G penetrate the brain(29). They were measured in brain tissue with a range of concentrations
of 5.7 to 17.8 ng/g of brain for CNS-11 and 3.5 to 25.5 ng/g of brain for CNS-11g. Because
CNS-11 and CNS-11G penetrate the brain, we predicted that CNS-11D would penetrate the
brain as well. We administered CNS-11D by tail vein injection at a dose of 1 mg/kg to wild-type
B6C3F1/J mice (n = 8 for each compound). One hour after dosing, we euthanized the mice by
cardiac perfusion and collected brain and plasma samples. A liquid chromatographic—tandem
mass spectrometric multiple reaction monitoring (LC-MS/MS-MRM) assay was used to detect
and quantify the drug levels in each tissue sample. The sample extraction protocol for the
plasma and brain was optimized with spiking experiments in which the authentic compounds

were added to the plasma and brain from drug-naive mice.

One hour following administration, CNS-11D was measured in the plasma of treated wild-type
mice with a range of concentrations of 6.3 to 15.0 ng/mL (Supplementary Figure 3A). CNS-
11D was measured in brain tissue with a range of concentrations of 31.2 to 121.1 ng/g of brain
(Supplementary Figure 3B). The amount of plasma collected from three mice treated with
CNS-11D was an insufficient volume for analysis by LC-MS/MS-MRM. Plasma levels of CNS-
11D were not significantly different from those measured for CNS-11 and CNS-11G, but brain
levels of CNS-11D were significantly higher than those measured for CNS-11 and CNS-11G

(Supplementary Figure 3A-B).

CNS-11D and CNS-11G reduce levels of insoluble tau in PS19 mice
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To determine whether CNS-11G and CNS-11D can disaggregate tau fibrils in vivo, we sought to
characterize their efficacy in the PS19 mouse model. We stereotaxically seeded 15 two-month-
old PS19 mice with tau-K18+ pre-formed fibrils in the left hippocampus and the right
hippocampus. Beginning two weeks after surgery, we administered CNS-11 at a dose of 1
mg/kg by tail vein injection to n = 5 mice, and vehicle (1xPBS with 10% DMSO) to n = 5 mice,

once a week for eight weeks (Figure 4A).

After eight weeks of treatment, we euthanized the mice by cardiac perfusion and collected their
brain tissue for post-mortem analysis. We homogenized the right hippocampus in RIPA buffer,
separated the homogenate into RIPA-soluble and RIPA-insoluble fractions, and performed
Western blot analysis of the RIPA-soluble and RIPA-insoluble fractions. Treatment of PS19 mice
with either CNS-11D or CNS-11G did not significantly change levels of tau in the soluble fraction
(Figure 4B-C, Supplementary Figure 4) but treatment with either CNS-11D or CNS-11G
significantly reduced levels of tau in the insoluble fraction (Figure 4B&D, Supplementary

Figure 4).

Additionally, we collected plasma and major organs, including heart, lung, kidney, liver, and
spleen. We measured plasma AST levels to assess liver function. Treatment with either CNS-
11D or CNS-11G did not significantly change plasma AST levels, indicating that they do not
affect liver function (Figure 4E). We performed hematoxylin and eosin (H&E) staining on
sections of the major organs. We plan to observe the tissue sections for any morphological

changes, necrosis, or other signs of toxicity (Figure 4F).
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Discussion

The small molecule EGCG, abundant in green tea, has long been known to disaggregate
amyloid fibrils(24—-26). In a recent study, to understand how EGCG can disaggregate stable
fibrils, we used cryo-electron microscopy to determine the atomic structure of AD brain-
extracted tau bound to EGCG(28). Using the EGCG binding position as a pharmacophore, we
computationally screened thousands of drug-like compounds that have characteristics favoring
BBB permeability. With experimental validation, we discovered lead compound CNS-11, which
prevents seeding in a tau aggregation cell culture model and disaggregates AD patient brain-

derived tau fibrils in vitro(28).

In this study, we further characterized CNS-11 and screened four of its chemical analogs for
their ability to disaggregate AD patient brain-derived tau fibrils in vitro. We discovered two
chemical analogs, CNS-11D and CNS-11G, that disaggregated AD patient brain-derived tau
fibrils and prevented seeding in a tau aggregation cell culture model. Additionally, we found that
brain levels of CNS-11D after one-time treatment were significantly higher than those previously
reported for CNS-11 or CNS-11G(29). To determine whether CNS-11, CNS-11D, and CNS-11G
can disaggregate tau in vivo, we assessed their ability to reduce insoluble tau in a mouse model
of tauopathy. We found that eight weeks of treatment with these compounds significantly

reduced levels of insoluble tau in the PS19 mouse model of tauopathy.

The mechanism of action by which these small molecules disaggregate tau fibrils remains

unknown. Interestingly, CNS-11 and the four chemical analogs characterized all share the same
central amide-type backbone. However, there is no obvious correlation between the differences
in their chemical structures and their efficacy. Although CNS-11A is more similar to CNS-11 than

either CNS-11D and CNS-11G, the latter two compounds demonstrated greater efficacy in
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disaggregating AD brain-derived tau fibrils. To better understand the mechanism of action, we
plan to use cryo-EM to determine structures of AD brain-derived tau in a complex with CNS-11
and its analogs, as previously done with EGCG(28). These atomic resolution structures could
reveal whether these small molecules disaggregate tau through a mechanism similar to that of

EGCG.

Treatment with CNS-11, CNS-11D, and CNS-11G each reduced levels of insoluble tau in PS19
mice. The use of these small molecules in vivo was greatly limited by their solubility. In future
studies, we will investigate formulations that increase their solubility, permit administration in
greater doses and through alternative routes (ex. intraperitoneal, subcutaneous), and potentially
increase the concentration of small molecules that reach the brain. Interestingly, brain
penetrance after one-time treatment was significantly higher for CNS-11D than CNS-11 or CNS-
11G, but weekly treatment with CNS-11D, CNS-11, or CNS-11G similarly reduced levels of
insoluble tau in PS19 mice. These results suggest accumulation of these small molecules in the

brain after repeated administration.

In this study, we discover three small molecules that disaggregate AD brain-derived tau, prevent
seeding in a tau aggregation cell culture model, and reduce levels of insoluble tau in a mouse
model of tauopathy. This study demonstrates the potential of using structure-based methods to

discover small molecules that can disaggregate tau for AD and related tauopathies.
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Methods

Extraction of tau fibrils from patient brain tissue. Human autopsy samples were obtained by
UCLA Pathology Department according to HHS regulations from patients consenting to autopsy.
Samples were provided to the researchers of this study as anonymized tissues. For purification
of paired helical filaments (PHFs) and straight filaments (SFs) from AD brain tissue, extractions
were performed according to the previously published protocol(32) without performing size
exclusion chromatography. The fibers are resuspended in 100uL of 20 mM Tris-HCI pH 7.4

containing 100 mM NaCl per gram of tissue.

Quantitative electron microscopy. Negatively stained EM Grids were prepared by depositing
6 ul of sample on formvar/carbon-coated copper grids (400 mesh) for 3 min. The sample was
rapidly wicked using filter paper without drying the grid and stained with 1% uranyl acetate for
2 min. For quantitative EM image (QEM), Negative-stain EM grids of each sample were
screened at a magnification of x11,500, collecting images in 5-micron increments. Fibrils were

counted from collections of 40 micrographs for each experimental condition.

Inhibitor screening in tau biosensor cells. HEK293T cell lines stably expressing tau-K18
P301S-eYFP were obtained from Marc Diamond and used without further characterization or
authentication. Cells were maintained in DMEM (Life Technologies, cat. 11965092)
supplemented with 10% (vol/vol) FBS (Life Technologies, cat. A3160401), 1%
penicillin/streptomycin (Life Technologies, cat. 15140122), and 1% Glutamax (Life Technologies,
cat. 35050061) at 37 °C, 5% CO: in a humidified incubator. Fibrils and patient-derived crude
brain extracts were incubated for 16—18 h at 4 °C with indicated inhibitor to yield a final inhibitor
concentration of 10 yM (on the biosensor cells. Inhibitors were dissolved in DMSO. For seeding,

inhibitor-treated seeds were sonicated in a cuphorn water bath for 3 min, and then mixed with 1
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volume of Lipofectamine 3000 (Life Technologies, cat. 11668027) prepared by diluting 1 ul of
Lipofectamine in 19 pl of OptiMEM. After twenty minutes, 10 pl of fibrils were added to 90 pl of
tau biosensor cells. The number of seeded aggregates was determined by imaging the entire
well of a 96-well plate in triplicate using a Celigo Image Cytometer (Nexcelom) in the YFP
channel. The number of aggregates in each image was determined using an ImageJ

2.3.0 script, which subtracts the background fluorescence from unseeded cells, and then counts
the number of aggregates as peaks with fluorescence above the background using the built-in
Particle Analyzer. The number of aggregates was normalized to the confluence of each well,
and dose-response plots were generated by calculating the average and standard deviations

from triplicate measurements.

Animal studies. P301S transgenic mice (Prnp-MAPT*P301S PS19Vle/J, JAX stock #008169,
the Jackson Laboratory, Bar Harbor, ME) and B6C3F1/J mice (JAX stock #100010, the Jackson
Laboratory) were housed in groups of up to four in individually ventilated cages under standard
conditions (22°C, 12-hour light-dark cycle) receiving food and water ad libitum. All animal
experiments were performed in accordance with the National Institutes of Health regulations
and approved by UCLA Animal Research Committee and performed under oversight of the

Division of Laboratory Animal Medicine.

Recombinant tau-K18+ expression and purification. Recombinant tau-K18+ was expressed

and purified as previously described(33).

Stereotaxic seeding of mice with recombinant tau-K18+ fibrils. For in vivo studies of CNS-
11, 10 two-month-old, male PS19 mice were stereotaxically injected with 1.5 ul of recombinant
tau-K18+ pre-formed fibrils (5 pg/ul) in the hippocampus (A/P, =2.5 mm from bregma; L, +2.0

mm; D/V, -1.4 mm) and frontal cortex (A/P, +2.0 mm; L, +2.0 mm; D/V, —1.7 mm), as previously
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described(37). In addition, 4 wild-type, age-matched B6C3F1/J mice were stereotaxically
injected with vehicle (1xPBS) to serve as controls. For in vivo studies of CNS-11D and CNS-
11G, 15 two-month-old, male PS19 mice were stereotaxically injected with 3 pl of recombinant
tau-K18+ pre-formed fibrils (5 pg/ul) in the left hippocampus (A/P, =2.0 mm from bregma; L, -2.0
mm; D/V, =1.4 mm and -1.7 mm, 1.5 yl per depth) and the right hippocampus (A/P, =2.0 mm

from bregma; L, +2.0 mm; D/V, =1.4 mm and -1.7 mm, 1.5 yl per depth).

Treatment of mice with CNS-11, CNS-11D, or CNS-11G. For in vivo studies of CNS-11, the 10
PS19 mice were divided into two groups (n = 5 per group). Beginning four weeks after surgery,
each group was intravenously administered with CNS-11 at a dose of 1 mg/kg by tail vein, or
with vehicle (1xPBS with 10% DMSO), every week for 8 weeks. The weight of each mouse was
recorded weekly. The 4 wild-type, age-matched B6C3F1/J mice were intravenously
administered with vehicle to serve as a control. For in vivo studies of CNS-11D and CNS-11G,
the 15 PS19 mice were divided into two groups (n = 5 per group). Beginning two weeks after
surgery, each group was intravenously administered with CNS-11D or CNS-11G at a dose of 1
mg/kg by tail vein, or with vehicle (1xPBS with 10% DMSOQO), every week for 8 weeks. The

weight of each mouse was recorded weekly.

Euthanasia of mice. Mice were sacrificed by overdose with pentobarbital and then transcardial
perfusion with perfusion buffer (1x PBS with sodium vanadate, leupeptin, aprotinin, pepstatin,
sodium pyrophosphate, sodium fluoride, PMSF). For in vivo studies of CNS-11, the brain was
removed and immediately frozen in liquid nitrogen and stored at -80°C until used. For in vivo
studies of CNS-11D and CNS-11G, the right hemisphere of the brain was removed and
immediately frozen in liquid nitrogen and stored at -80°C until used. The left hemisphere of the
brain was removed and underwent three nights post-fixation in neutral buffered formalin

(Thermo Fisher Scientific), transfer to 70% EtOH, and processing and embedding in paraffin.
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Western blot analyses. PBS-perfused unfixed brains were used for biochemical analysis by
dissecting the hippocampi separately. Before analysis, the brain samples were sonicated in
RIPA buffer (4 vol/g) [50 mM tris, 150 nM NacCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-
40, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 0.1% protease inhibitor mixture, and 0.5%
phosphatase inhibitor (pH 8.0)] and centrifuged at 100,000g for 30 min at 4°C. The supernatants
were saved as RIPA-soluble fractions, whereas the RIPA-insoluble pellets were washed with 1
M sucrose in RIPA buffer to remove myelin and associated lipids and centrifuged at 100,000g
for 30 min at 4°C. The RIPA-insoluble pellets were then extracted in tissue (1 vol/g) with 2%
SDS buffer [50 mM tris-HCI (pH 7.6)]. The protein contents of the samples were measured using
the BCA Protein Assay Kit (Pierce, Bonn, Germany) and diluted to the same concentration (500
pg/ml). Soluble and insoluble fractions were analyzed by SDS-PAGE, followed by Western
blotting using an anti-tau antibody (1:5000; A0024, Dako). 3-Actin was used as a loading control

(1:2000; sc-47778, Santa Cruz Biotechnology). Bands were quantified using ImageJ software.

Determination of blood AST levels as an index of hepatic toxicity. Blood samples were
obtained by cardiac puncture and centrifuged at 2000 g for 20 min to separate the serum for
collection. Activities AST was assayed using Mouse AST enzyme-linked immunosorbent assay

kits (Abcam, ab263882) according to the manufacturer’s protocols.

Hematoxylin and eosin staining. Major organs including heart, liver, spleen, lung, and kidney
(n = 2) were fixed in 4% buffered formalin saline (Sigma-Aldrich) at 4°C overnight and then

embedded in paraffin blocks. Tissue sections of 5 ym thickness were stained with hematoxylin
and eosin (H&E). The morphology of the tissue was observed under a light microscope (Leica)

at 20x magnification.
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Figure 1. Discovery of CNS-11 as a tau disaggregator. Adapted from Seidler PM*, Murray
KA*, Boyer DR*, et al. (28). (A) To identify novel compounds capable of fibril disaggregation, an
in silico screen using the EGCG binding site to the tau PHF (red circle) was performed. Two
libraries of compounds were docked to the site using two computational methods (AutoDock
and Rosetta), and hits were ranked and selected for experimental characterization. (B)
Compounds were initially screened using an in vitro biosensor cell assay. Fibrils treated with
vehicle (DMSO) served as a control (turquoise bar). The dashed line indicates a 50% reduction
in the number of aggregates. Yellow bars indicate any compound that produces a >50%
reduction in aggregate formation. Error bars represent +SD, all experiments were performed
with n =3 experimental replicates. (C) Top hits from the in silico and biosensor cell screens were
selected for further experimental characterization. Four compounds were selected, CNS-11,

CNS-17, CNS-2, and CNS-12. (D) Electron micrographs of brain-derived tau fibrils after
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incubation with each compound and EGCG. Scale bars represent 250 nm. (E) Quantitation of
fibril number present on EM images with and without compound treatment. N = 33 images were
taken from random points on the EM grid, and fibrils were counted. Error bars represent the

standard deviation of triplicate technical measurements.
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Figure 2. CNS-11 reduces levels of insoluble tau in PS19 mice without causing obvious
toxicity. (A) CNS-11 at a dose of 1 mg per kg of body weight (mg/kg) was administered by tail

vein injection to n = 5 mice, and vehicle (1xPBS with 10% DMSO) was administered ton =5
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mice, once a week for eight weeks. The weight of each mouse was recorded weekly. (B) The
right hippocampus of each mouse was homogenized in RIPA buffer, separated into RIPA-
soluble and RIPA-insoluble fractions, and analyzed by Western blot analysis. (C) Seeded PS19
mice had significantly higher levels of soluble tau compared to wild-type mice. Treatment of
PS19 mice with CNS-11 did not significantly change levels of tau in the soluble fraction.
Statistical analysis was performed using two-way ANOVA (multiple comparisons using Sidak's
multiple comparisons test; ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001)
in GraphPad Prism. (D) Seeded PS19 mice had significantly higher levels of in soluble tau
compared to wild-type mice. Treatment of PS19 mice with CNS-11 significantly reduced levels
of tau in the insoluble fraction. Statistical analysis was performed using two-way ANOVA
(multiple comparisons using Sidak's multiple comparisons test; ns, p > 0.05; *, p < 0.05; **, p <
0.01; **, p < 0.001; ****, p < 0.0001) in GraphPad Prism. (E) Treatment with CNS-11 did not
significantly change plasma AST levels, indicating that it does not affect liver function. Statistical
analysis was performed using two-way ANOVA (multiple comparisons using Sidak's multiple
comparisons test; ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001) in
GraphPad Prism. (F) H&E-stained tissue sections from major organs will be observed for any

morphological changes, necrosis, or other signs of toxicity.
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Figure 3. Chemical analogs of CNS-11 also disaggregate tau fibrils from AD patients and
prevent seeding in HEK293 biosensor cells. (A) Chemical analogs of CNS-11. (B) Electron
micrographs of AD brain-derived tau fibrils from AD1 after incubation with no treatment, vehicle
(DMSO), EGCG, CNS-11, or one of the four chemical analogs of CNS-11. (C) Quantification of
AD brain-derived tau fibrils (black arrows) present on EM images (n =40 images taken from
random points on the EM grid). Images were approximately 4x the size of images in (B).

Statistical analysis was performed using a Kruskal-Wallis test followed by a Dunn’s multiple
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comparison test (ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001) in GraphPad
Prism. (D) Quantification of fluorescent puncta formed in HEK293T biosensor cells seeded with
AD brain-derived fibrils from AD1. Prior to seeding, fibrils were incubated with no treatment,
vehicle (DMSO), EGCG, CNS-11, or one of the four chemical analogs of CNS-11. Statistical
analysis was performed using one-way ANOVA followed by a Tukey’s multiple comparison test

(ns, P >0.05; *P = 0.05; **P < 0.01; ***P < 0.001; ***P < 0.0001) in GraphPad Prism.
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Figure 4. CNS-11D and CNS-11G reduce levels of insoluble tau in PS19 mice without
causing obvious toxicity. (A) CNS-11D or CNS-11G at a dose of 1 mg per kg of body weight

(mg/kg) was administered by tail vein injection to n = 5 mice, and vehicle (1xPBS with 10%
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DMSO) was administered to n = 5 mice, once a week for eight weeks. The weight of each
mouse was recorded weekly. (B) The right hippocampus of each mouse was homogenized in
RIPA buffer, separated into RIPA-soluble and RIPA-insoluble fractions, and analyzed by Western
blot analysis. (C) Treatment of PS19 mice with CNS-11D or CNS-11G did not significantly
change levels of tau in the soluble fraction. Statistical analysis was performed using two-way
ANOVA (multiple comparisons using Sidak's multiple comparisons test; ns, p > 0.05; *, p < 0.05;
** p <0.01; ", p <0.001; ****, p <0.0001) in GraphPad Prism. (D) Treatment of PS19 mice
with either CNS-11D or CNS-11G significantly reduced levels of tau in the insoluble fraction.
Statistical analysis was performed using two-way ANOVA (multiple comparisons using Sidak's
multiple comparisons test; ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001)
in GraphPad Prism. (E) Treatment with CNS-11D or CNS-11G did not significantly change
plasma AST levels, indicating that they do not affect liver function. Statistical analysis was
performed using two-way ANOVA (multiple comparisons using Sidak's multiple comparisons
test; ns, p > 0.05; *, p < 0.05; **, p < 0.01; **, p < 0.001; ****, p < 0.0001) in GraphPad Prism.
(F) H&E-stained tissue sections from major organs will be observed for any morphological

changes, necrosis, or other signs of toxicity.
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Patient Braak Age Sex Region
AD1 Vi 67 F RT
AD2 Vi 78 F LT
AD3 VI 62 F LT

Supplementary Table 1. Pathology information for AD patient-derived samples.
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Recovery of CNS-11D from mouse brain

Internal Internal
ONS-10 | GhsD Standard | Standard
Sample ID 398.1 398.1 396.2 396.2
—249.2 —277.2 -233.1 —261.0
rt area area rt area area
Br. 1A 16.90 36650 40677 17.00 2557 2230
Br.1B 17.00 39725 44825 17.10 2779 2476
Br.1C 17.00 44993 50418 17.10 3276 2859
Br. 2A 17.00 66567 74862 17.10 2706 2407
Br. 2B 17.00 30108 33286 17.10 1135 976
Br.2C 16.90 71266 79883 17.00 2691 2345
Br. 3A 16.90 51890 59288 17.00 2641 2334
Br. 3B 16.90 53289 60382 17.00 2768 2439
Br.3C 16.90 65835 74231 17.00 3626 3249
Br. 4A 16.90 33981 38174 17.00 1437 1326
Br. 4B 16.90 76038 85590 17.00 4050 3624
Br.4C 16.90 51965 58396 17.00 2186 1980
Br. 5A 17.00 48273 55832 17.10 2440 2269
Br. 5B 17.00 39416 46530 17.10 1945 1807
Br.5C 17.00 48126 57030 17.10 2521 2372
Br. 6A 17.00 27439 31849 17.10 2091 1844
Br. 6B 17.00 40593 47416 17.10 3071 2789
Br. 6C 17.00 30534 35610 17.10 2063 1855
Br.7A 17.00 31322 36192 17.10 3252 2934
Br.7B 17.00 27704 32091 17.10 2754 2555
Br.7C 17.00 50116 59037 17.10 5750 5308
Br. 8A 17.00 32398 37912 17.10 3746 3488
Br. 8B 17.00 28906 34056 17.10 3215 3016
Br.8C 17.00 34020 40190 17.10 4026 3722
Std. 1 (1 pmole) 16.90 2687 3073 17.00 3923 4849
Std. 2 (1 pmole) 16.90 3490 3934 17.00 5040 4684
Std. 3 (1 pmole) 16.90 2445 2733 17.00 3274 2896
Std. 4 (2.5 pmoles) 16.90 16028 18355 17.00 3998 3656
Std. 5 (2.5 pmoles) 16.90 15087 17257 17.00 3778 3400
Std. 6 (2.5 pmoles) 16.90 11718 13324 17.00 2733 2490
Std. 7 (5 pmoles) 16.90 25781 29319 17.00 3467 3122
Std. 8 (5 pmoles) 16.90 28792 32598 17.00 3278 2986
Std. 9 (5 pmoles) 16.90 18580 21001 17.00 2348 2082
Std. 10 (10 pmoles) 16.90 27796 31374 17.00 1920 1647
Std. 11 (10 pmoles) 16.90 53272 60410 17.00 3641 3136
Std. 12 (10 pmoles) 16.90 6821 7695 17.00 436 366
Std. 13 (20 pmoles) 17.00 81513 96591 17.10 3658 3311
Std. 14 (20 pmoles) 17.00 58467 69281 17.10 2556 2425
Std. 15 (20 pmoles) 17.00 64798 76572 17.10 2693 2529
Std. 16 (50 pmoles) 17.00 184065 221619 17.10 3669 3466
Std. 17 (50 pmoles) 17.00 167148 201722 17.10 3900 3506
Std. 18 (50 pmoles) 17.00 171837 204287 17.10 3260 2973

Supplementary Table 2. Raw LC-MS/MS data, brain tissue.
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Recovery of CNS-11D from mouse plasma
Internal Internal
ONS11D | one1iD Standard | Standard
Sample ID 398.1 398.1 396.2 396.2
—249.2 —277.2 -233.1 —261.0
rt area area rt area area
PlL. 3A 16.90 3541 3978 17.00 4666 4206
Pl. 4A 16.90 4782 5385 17.00 5954 5441
Br. 4B 16.90 3242 3637 17.00 4041 3654
Pl. 5A 16.90 11572 13389 17.00 4698 4408
PlL. 5B 16.90 8492 9812 17.00 5561 5011
Pl. 6A 17.00 9442 10747 17.10 8206 7520
PL.7A 17.00 12176 14189 17.10 6942 6307
Br. 7B 17.00 15869 18185 17.10 7185 6528
Std. 1 (1 pmole) 16.90 4573 5075 17.00 4500 3997
Std. 2 (1 pmole) 16.90 8047 8950 17.00 5654 4910
Std. 3 (2.5 pmoles) 16.90 17687 20444 17.00 5483 4819
Std. 4 (2.5 pmoles) 16.90 24814 27794 17.00 6447 5731
Std. 5 (5 pmoles) 16.90 32683 36685 17.00 4667 4252
Std. 6 (5 pmoles) 16.90 41069 45375 17.00 6001 5284
Std. 7 (10 pmoles) 16.90 80950 90261 17.00 5621 5053
Std. 8 (10 pmoles) 16.90 67386 74634 17.00 4596 4175

Supplementary Table 3. Raw LC-MS/MS data, plasma.
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Supplementary Figure 1. CNS-11 reduces levels of insoluble tau in PS19 mice. (A-B) The
right hippocampus of wild-type mice and PS19 mice treated with vehicle or CNS-11 was
homogenized in RIPA buffer, separated into RIPA-soluble and RIPA-insoluble fractions, and
analyzed by Western blot analysis. (A) Wild-type mice #1, 2; vehicle-treated PS19 mice #1, 2;
CNS-11-treated PS19 mice #1, 2. (B) Wild-type mice #3, 4; vehicle-treated PS19 mice #3, 4, 5;

CNS-11-treated PS19 mice #3, 4, 5.
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A Small molecules reduce fibril count in AD2 B Small molecules reduce fibril count in AD3
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Supplementary Figure 2. Chemical analogs of CNS-11 also disaggregate tau fibrils from
AD patients. (A-B) Quantification of AD brain-derived tau fibrils from (A) AD2 and (B) AD3
present on EM images after incubation with no treatment, vehicle (DMSQO), EGCG, CNS-11, or
one of the four chemical analogs of CNS-11 (n =40 images taken from random points on the EM
grid). Statistical analysis was performed using a Kruskal-Wallis test followed by a Dunn’s
multiple comparison test (ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001) in

GraphPad Prism.
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Supplementary Figure 3. Brain penetration of CNS-11D in mice. (A-B) Mice were injected
intravenously with 1 mg/kg of CNS-11D (n = 8) and euthanized 1 h after dosing. Compound
levels in (A) plasma and (B) brain tissue were analyzed using an LC-MS/MS-MRM method.
Statistical analysis was performed using two-way ANOVA (multiple comparisons using Sidak's
multiple comparisons test; ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001)

in GraphPad Prism.
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Supplementary Figure 4. CNS-11D and CNS-11G reduce levels of insoluble tau in PS19

mice. (A-B) The right hippocampus of PS19 mice treated with vehicle, CNS-11D, or CNS-11G
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was homogenized in RIPA buffer, separated into RIPA-soluble and RIPA-insoluble fractions, and
analyzed by Western blot analysis. (A) Vehicle-treated PS19 mice #1, 2; CNS-11D-treated PS19
mice #1, 2; CNS-11G-treated PS19 mice #1, 2. (B) Vehicle-treated PS19 mice #3, 4; CNS-11D-

treated PS19 mice #3, 4, 5; CNS-11G-treated PS19 mice #3, 4, 5.
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CHAPTER 5

Conclusion

In the past twenty years, a wealth of atomic resolution structures of amyloid fibrils determined by
x-ray crystallography and cryo-electron microscopy have expanded the possibilities for using
structure to guide drug design for amyloid-related diseases. In this dissertation research, |
characterized three of these structure-based designs as potential diagnostics and therapeutics
for AD and PD. First, | characterized magnetic nanoparticles functionalized with an a-syn-
targeting peptide and determined that they can be used as an MRI contrast agent to distinguish
mice with a-syn pathology from wild-type control mice. Second, | characterized a bivalent
nanobody that can inhibit seeding by post-mortem brain extracts from AD patients and
determined it can cross the blood-brain barrier in mice. Third, | characterized three small
molecules that can disaggregate AD brain-extracted fibrils and determined that they can each

reduce levels of aggregated tau in mice with tau pathology.

Together, the studies in this dissertation demonstrate the potential of using structure-based
design of diagnostics and therapeutics for diseases caused by the misfolding of amyloid-forming
proteins. In the future, it remains to be determined whether these structure-based designs will
be useful in the clinic. One aspect in which these designs can be improved is their target-
binding affinity, as well as inhibition/disaggregation efficacy for the therapeutic designs. Another
aspect is their pharmacokinetic properties: absorption and brain penetration, characterized in
these studies, and metabolism and clearance, which have yet to be studied. Importantly,
structure-based design is an iterative process. With modifications informed by structural insights
and experimental validation, there will be continuous improvements in these and other structure-

based designs for amyloid-related diseases.
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