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Alzheimer disease is a neurodegenerative disorder with limited treat-
ment options. It is characterized by the presence of several biomarkers,
including amyloid-B aggregates, which lead to oxidative stress and
neuronal decay. Targeted «-therapy (TAT) has been shown to be effica-
cious against metastatic cancer. TAT takes advantage of tumor-
localized «a-particle emission to break disease-associated covalent
bonds while minimizing radiation dose to healthy tissues due to the
short, micrometer-level, distances traveled. We hypothesized that TAT
could be used to break covalent bonds within amyloid- aggregates
and facilitate natural plaque clearance mechanisms. Methods: We syn-
thesized a 2'Bi-chelate-linked benzofuran pyridyl derivative (BiBPY)
and generated [2'®Bi]BiBPy, with a specific activity of 120.6 GBq/j.g,
dissociation constant of 11 = 1.5nM, and logP of 0.14 + 0.03. Results:
As the first step toward the validation of [2'3Bi|BiBPy as a TAT agent for
the reduction of Alzheimer disease-associated amyloid-$3, we showed
that brain homogenates from APP/PS1 double-transgenic male mice
(6-9 mo old) incubated with [2'°Bi]BiBPy exhibited a marked reduction
in amyloid-B plaque concentration as measured using both enzyme-
linked immunosorbent and Western blotting assays, with a half-
maximal effective concentration of 3.72 kBg/pg. Conclusion: This
[2'*Bi|BiBPy-concentration-dependent activity shows that TAT can
reduce amyloid plaque concentration in vitro and supports the develop-
ment of targeting systems for in vivo validations.
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Alzheimer disease (AD) is one of the leading causes of
dementia and the sixth leading cause of death in the United States
(I). By 2050, the number of people diagnosed with AD is expected
to more than double (7). The economic burden of AD reaches beyond
easily calculable health care services (>$200 billion annually), to the
burden of unpaid caregivers. Currently, there are limited treatment
options for AD, with most Food and Drug Administration—approved
regimens being palliative rather than curative. Recently, lecanemab
was Food and Drug Administration—approved as an antibody-based
treatment for the reduction of amyloid- plaques (2). This treatment
shows a stronger connection between treating amyloid-8 and slowing
cognitive decline than do previous treatments (3). The development
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of therapies to treat AD, and other neurodegenerative diseases,
defines a rapidly growing research area (4).

However, there is some debate regarding the best biochemical
target for AD (5). Although the amyloid hypothesis is the most
researched route for treatment of AD (6), there remains some
doubt as to the efficacy of such treatments. Other targets, such as
tau protein fibrils, have also come to light as potential therapy
routes (7). The multifactorial origin of AD makes it difficult to
select a pharmaceutical target. Since more traditional modalities
have struggled to treat AD, research has broadened to include
methods beyond the biochemical.

An area of research with promise is the use of whole-brain,
low-dose ionizing radiation (LDIR) (8). This therapy makes use of
x-ray machines to deliver ionizing radiation to the brain and has
been shown to activate immune responses (9,10). Either through
the activation of the immune system or through a more direct mecha-
nism, LDIR therapy has demonstrated the ability to reduce key bio-
marker concentrations (/7). LDIR treatments in mice resulted in
improved cognitive function (/2), and stage 1 trials in human patients
showed a positive effect on emotional and cognitive expressions of
AD (13-15). LDIR is not the only nonpharmacologic method being
explored for AD, as it is complemented by research in ultrasonication
(16) and electric field therapy (17). Although LDIR shows promise, it
also comes with other concerns, such as the widespread radiation
dose. There are, however, other ionizing radiation therapies that can
minimize healthy-tissue doses.

Targeted a-therapy (TAT) is an area of growing development (/8).
Within this paradigm, a-particle (a helium ion)—emitting radionuclides
are selectively delivered to a target via their linkage to a small mole-
cule or biologic vector. When an a-particle—emitting radionuclide
decays, it releases 4-10 MeV of kinetic energy (/9), which is depos-
ited into the surroundings through electrostatic interactions (20).
Because of the charged nature of a-particles, as well as their small
size, these interactions occur within only a few micrometers of the
location of radioactive decay (21). a-particles, therefore, travel only
1-10 cell lengths in tissue, generating a controlled and localized
dose. This is measured as a linear energy transfer. TAT is focused
primarily on developing cancer treatments, with the high linear
energy transfer of a-particles being used to break double-stranded
DNA in cancer cells, resulting in cell death and generating radical
oxygen species that further damage the cancer cells (21,22). TAT has
been shown to be potent in metastatic cancers (23), for which other
radiotherapies may be less efficacious because of lower linear energy
transfer resulting in significant doses to healthy tissues (21,24).

Although TAT is established for the treatment of cancers, the
use of physical energy transfer to break covalent bonds may be
advantageous in other diseases. We hypothesize that TAT will
break covalent bonds within AD-associated amyloid-f3 aggregates
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to facilitate natural plaque clearance mechanisms. In addition to
the breaking apart of plaques by energetic particles, we hypothe-
size that a localized immune response would be generated by
TAT, like the more generalized immune response to LDIR (25).
Because of the high linear energy transfer of a-particles, the
regions of tissue that would activate an immune response would
be much smaller than in LDIR. Localization of the immune
response, we hypothesize, may also avoid overactivation of the
immune response leading to inflammation.

The development of methodologies for the treatment of AD relies
on appropriate targeting platforms. In the past, several platforms have
been designed as amyloid-B—selective targeting vectors that cross the
blood-brain barrier (BBB) (26). The BBB has been one of the major
challenges in developing therapeutic systems for AD, as foreign
molecules can be barred from entry, and larger biomolecules, such as
antibodies, enter slowly (27). For this reason, small molecules that
mimic thioflavin-T (1, Fig. 1) were developed to enable a range
of AD-specific biomarker imaging modalities. Selected PET and
SPECT imaging agents include ['!C]PIB (2, Fig. 1), ['®F]fluteme-
tamol (3, Fig. 1), ['Z’IJIMPY (4, Fig. 1), and [*™Tc¢]BAT-Bp-2 (5,
Fig. 1) (28). Notably, 3 is a Food and Drug Administration—
approved PET imaging agent using '*F (half-life, 109.7 min) (29).
Borrowing a synthetic route developed for 3, we previously synthe-
sized an 2''At-labeled derivative (6, Fig. 1) (half-life, 7.2h) as a
potential TAT therapeutic for AD (30). Although 2!!At is advanta-
geous because of its ready incorporation from boronic acid precur-
sors (7 [Fig. 1] — 6) (31) and single—-emitting decay chains, its
short half-life and limited availability (32—34) made assessment of
the therapeutic properties of 6 challenging. To address these issues,

we proposed the synthesis and evaluation of a 2!*Bi-containing agent
([*"*Bi]BiBPy [8], Fig. 2A). Like 2!'At, 2!*Bi has a short half-life
(46 min) and decays with the emission of a single a-particle (Fig. 2B),
but importantly, 213Bi is accessible in-house from its parent radionu-
clide, 22°Ac (half-life, 9.92 d), through the creation of an **>Ac/?!*Bi
radionuclide generator system. Since 2!*Bi cannot be directly bound
to the targeting vector, we designed a 2!*Bi-chelate-linked benzo-
furan pyridyl derivative (8), drawing inspiration from 5 (28). We
proposed that 8 could derive from the assembly of known precur-
sors 9, 10, and 11 (Fig. 2). Although other chelates could be readily
linked to 10, we selected cyclohexane (CHX)-A"-diethylenetri-
aminepentaacetic acid (DTPA) because of its favorable binding
kinetics to 2'3Bi (35). Here, we report the synthesis, radiolabeling,
and in vitro evaluation of 8, which we hypothesized would reduce
plaque burden after TAT treatment of AD.

MATERIALS AND METHODS

The full materials and methods are provided in the supplemental
materials (available at http://jnm.snmjournals.org).

Radiolabeling to Prepare 8

To radiolabel 17 (supplemental materials) and afford 8, 0.37 MBq
of >*Bi was incubated with 17 in 0.1 M ammonium acetate (pH 5.5)
for 10 min at 37°C. This sample (8) was then analyzed by high-
performance liquid chromatography (HPLC), by which the retention
time of [N*Bi]BiBPy was tracked by ultraviolet—visible spectroscopy,
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and the retention time of 8 was tracked by collecting fractions and
counting them on a +y-counter. Furthermore, specific activity was cal-
culated by serial dilution of 8 with a constant 0.296 MBq of ?!*Bi and
analysis of the bound '*Bi fraction by radio-HPLC.

Partition Coefficient and Stability Constant

The partition coefficient was measured by preparing a tracer of 0.011
wmol of 17 mixed with 0.0525 MBq of 2*Bi and 0.1 mM "™BiCl; to
fully complex 17. Solutions of 1-octanol and phosphate-buffered saline
(pH 7.4) were presaturated with one another. The presaturated solutions
were spiked with 15 wL of the tracer solution and vortexed for 30 min.
Aliquots of each phase were taken and measured with a y-counter, as
well as injected on analytic HPLC after dilution in HPLC buffers.

Amyloid-f peptides were aggregated by reconstituting amyloid-f3
(1-42) peptide (Thermo Scientific). Samples were prepared by com-
bining 100 nL of the amyloid-B peptide solution (final concentration,
0.204 uM), the BiBPy tracer (final concentration, 8.31 nM), and one
of the 1 dilution series (final concentration, 0.456—4.56E—10 M).
These solutions were incubated at 37°C for 1 h and then filtered. The
filtered solutions were counted on a y-counter to determine the frac-
tion of BiBPy bound to the aggregates.

Brain Homogenate Incubation and Ex Vivo Imaging

All animal experiments were approved by the University of Utah’s
Institutional Animal Care and Use Committee in compliance with all
federal mandates for animal testing.

To determine the response of amyloid- plaques in brain homoge-
nate to a-decay in vitro, aliquots of brain homogenate solutions were
incubated with free 2'*Bi, 8, and a negative control solution. After 24 h,
the concentration of amyloid-B plaques was measured by enzyme-linked
immunosorbent assay and Western blot.

Compound 15 (Fig. 3) was used to prepare fluorescein-functionalized
12 (Fig. 3), in which the chelate is replaced by fluorescein. Tissue sec-
tions of AD mice and wild-type control mice were incubated with 0.1%
propidium iodide before being incubated with either 0.1% thioflavin-S
or 12. The slides were imaged using an Axio Scan.Z1 slide scanner
(Ziess).

RESULTS

Synthesis of 8 and Fluorescent BPy 12

Toward target 8 and fluorescent probe 12, we synthesized pre-
cursor 9 (Fig. 3). Following reported conditions (28), we coupled
boronic acid (13, Fig. 3) with 5-bromopyridyl (14, Fig. 3) and
demethylated (S-1, supplemental materials) on treatment with
boron tribromide to obtain 9 in 69.7% yield over 2 steps (Fig. 3A).
Next, 9 was alkylated with tert-butyl(2-bromoethyl)carbamate
(10), and S-2 (supplemental materials) was deprotected using
acidic conditions to furnish ammonium-14 (64%, over 2 steps).
Taking advantage of isothiocyanate reactivity, ammonium-14
linked the fluorescent tag (fluorescein isothiocyanate [16]) and
bichelate (p-SCN-Bn-CHX-A"-DTPA [11]). On reaction of 15
with 16 under basic conditions, fluorescein derivative 12 was
obtained in 39% yield after purification by preparative HPLC
(Fig. 3B). On reaction of 15 with 11 under basic conditions, the
bichelate precursor, BPy (S-3, supplemental materials), was obtained
in 43% yield after purification by preparative HPLC (Fig. 3C).
Full synthesis and analysis details are presented in Supplemental
Figures 1-11.

2257¢/213Bi Generator and Radiolabeling to Prepare 8

The ?*Ac/?'*Bi generator was eluted daily during operation.
213Bi eluted off the column with an average radiochemical yield of
78% * 4.9% in 1mL of 0.1M HCI/0.1M Nal. The average
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FIGURE 3. Synthesis of fluorescent BPy and 8.

breakthrough of *2Ac was 0.03% *+ 0.01%. Accordingly, BPy
(S-3) was radiolabeled with 2!*Bi, obtaining 8 in an average radio-
chemical yield of 97% * 1.5%. HPLC analyses of 8 (*'*Bi counts,
red) and [*°°Bi]BiBPy (S-4, supplemental materials) (ultravio-
let—visible spectroscopy A = 330nm, black) showed retention
times of about 11.3 min, supporting the identity of the radiola-
beled conjugate (Fig. 4A). The specific activity of 8 was
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measured to be 120.6 GBg/pg, or 69.2% of the theoretic maxi-
mum (Fig. 4B).

Lipophilicity

LogP, a measure of lipophilicity, is one tool used to determine
transport across the BBB. For passive transport, logP is 0.1-3.5
(28). We measured the logP of 8 to assess its likelihood of cross-
ing the BBB. The logP was 0.14 = 0.03. This value is lower than
the logP of other compounds with smaller, less charged chelates
(28). Although 0.14 is within the ideal range, the uncertainty of
this measurement suggests that passive diffusion may negatively
affect the rate at which this complex crosses the BBB.

Binding Affinity

The binding affinity of 8 was measured by performing an inhi-
bition assay against 1 (Fig. 4C). The inhibition constant of 8 was
measured using the Cheng—Prusoff equation (Fig. 4D). Compared
with other standards, such as 2 and 4, 8 has a slightly larger inhibi-
tion constant (36,37). The dissociation constant of 11 = 1.5 for 8
is consistent with that reported for benzofuran pyridyl derivatives
without a chelate group (28), suggesting that the addition of the
CHX-A"-DTPA chelate does not reduce the binding constant.

In Vitro Analysis

The ability of TAT to reduce amyloid-B concentration was
demonstrated in vitro. When 8 was incubated with brain homoge-
nate, a dose-dependent reduction in amyloid-p was observed
(Fig. 4). This reduction was measured using both enzyme-linked
immunosorbent assays (Figs. 5A and 5B) and Western blot assays
(Fig. 5C). Some reduction of amyloid-3 was observed when incubat-
ing with free 2!>Bi, but at significantly lower levels (P < 0.0001).
We hypothesize that this reduction is caused by amyloid-f3 plaques
scavenging metal ions in solution (38). In an experiment in
which amyloid-B was incubated first with 1 (blocking binding
sites) followed by treatment with 8, the result was a minimized
reduction of amyloid-B (P = 0.0002) (Fig. 5D). This result further
suggests the specificity of 8. The dose response was determined by
fitting the logarithmic activity used per mass of amyloid-f3 present
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FIGURE 5. (A) Amyloid-B (AB) plaque reduction, measured by enzyme-
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Western blot analysis of amyloid-B after exposure to [>'*Bi|BiBPy confirms
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tion. (D) When targeting of 8 is not blocked, plaque concentration is mark-
edly less than when targeting is blocked (here, by 1). GAPDH =
glyceraldehyde 3-phosphate dehydrogenase.

in the samples (Fig. 5B). A value of 0.01488 = 0.0006 MBgq/pg of
amyloid- was measured to be the dose needed for 50% reduction
of amyloid-f in vitro.

Ex Vivo Analysis

APP/PS1 double-transgenic and wild-type control mice were
euthanized and the brains removed and used to generate 10-pm-thick
sections. Representative sections were stained to corroborate the ex
vivo binding of 8, using 12 (Fig. 6). Thioflavin-S staining was used

FITC-BPy

Thioflavin-S

FIGURE 6. 12-stained and thioflavin-S-stained tissue sections from rep-
resentative APP/PS1 double-transgenic mice display presence of plaques
(fluoresces green; white arrows). Propidium iodide (fluoresces red) is used
as counterstain.
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as a positive control (Fig. 6), and wild-type mice were used as a neg-
ative control (39). Propidium iodide was used throughout as a coun-
terstain. Thioflavin-S staining shows a consistent, dense presence of
plaques, particularly in the cortex, with minimal off-site binding of
the stain. Compound 12 also suggests the presence of plaques in the
cortex but stains them less intensely, with more off-site binding. It is
known that benzofuran and benzothiazole derivatives can bind white
matter in an off-target manner (40), suggesting that continued investi-
gation of a targeting vector to lower white matter binding is vital.

DISCUSSION

There are limited therapeutic routes for AD treatment. Most tar-
get the symptoms of AD rather than the underlying causes of the
disease (4,41). LDIR, which has shown promise in treating symp-
toms in recent years, has also been suggested as a therapeutic for
the underlying biomarkers, as studies have suggested plaque reduc-
tion and improved symptoms in animal models and human trials
(8—15). With LDIR studies as inspiration, our hypothesis applies
TAT toward the same target. In vitro, this hypothesis is supported
by stark plaque reduction in the presence of 8. TAT has the advan-
tage of requiring a lower dose of radiation, as well as using targeting
vectors to minimize the healthy-tissue dose. Although these initial
in vitro studies cannot fully assess off-target doses, further in vivo
studies are hypothesized to reinforce these results.

The high radiochemical purity and specific activity of compounds
such as 8 are critical for pursuing further optimizations and in vivo
studies. One of the major hurdles for AD therapy research is the
BBB, which must be overcome. Although the charged nature of
CHX-A"-DTPA complexing with 2!3Bi is expected to change the
lipophilicity of the targeting molecule, the measured logP may sug-
gest that crossing of the BBB is still possible and should be con-
firmed with in vivo biodistribution studies. In addition to passive
crossing of the BBB, other methods of allowing transportation into
the brain could be explored, such as ultrasound disruption (42).
These molecules can cross the BBB more quickly than antibodies,
providing a platform for radionuclides with short half-lives. In addi-
tion to these options for crossing the BBB, the successful reduction
of plaques in vitro also suggests that previous 2!! At-labeled fluteme-
tamol derivatives (3) should be developed and evaluated in vivo
(30). Halogenated derivatives (e.g., fluorine, iodine, and astatine) of
the flutemetamol scaffold provide an alternative to the chelate-
incorporation strategy and may be more suitable to cross the BBB.

The brain homogenate studies show a strong response of
plaques to TAT. Although the scavenging of metal ions in solution
also showed a response, the significantly (P < 0.0001) higher
response to the targeted radionuclides demonstrates the efficacy of
the targeted approach. At the same time, other proteins in the
homogenate solution did not appear to be affected, as the Western
blot studies showed that the GAPDH control bands did not differ
across increasing dose. This indicates a lack of off-target damage
but cannot fully assess healthy-tissue dose. Reduction of plaques
below the detection limits of both enzyme-linked immunosorbent
assay (<10pg/mL) and Western blot (<100 pg) strongly supports
the hypothesis that TAT can reduce plaque burden. To further sup-
port this hypothesis, studies should be done in vivo.

On the basis of the initial success of in vitro reduction of amyloid
plaques with TAT, further characterization of the targeting system
should be performed. The in vivo biodistribution of 8 should be char-
acterized. APP/PS1 double-transgenic mice will be used to establish
this biodistribution, as well as to perform autoradiography to confirm
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the initial binding studies suggested by ex vivo analysis with 12.
These studies will be used to calculate toxicity as well as dose esti-
mates for plaques and observation of plaque reduction in vivo. With
initial studies suggesting that off-target binding is possible with this
benzofuran derivative, other targeting vectors are also worth consider-
ing, whether it be another small molecule or a peptide. Since the
library of amyloid-targeting vectors is moderately sized and growing,
another system may prove ideal. Once a targeting vector is optimized
and its biodistribution established, in vivo plaque response to TAT
can be measured to further explore the hypothesis presented in this
work. Furthermore, the biologic response to TAT must be considered.
Since the immune system is activated in LDIR, the hypothesis is that
localized responses would be generated at the site of dose deposition.
Therefore, the immune system should be studied to elicit the type of
response and its effect on the therapy. We plan to study localized
microglia activity as well as inflammatory cytokines to assess this.

When in vivo studies are being planned, attention will be given
to the age and disease state of subjects in addition to the sex. It
has been shown that early and later disease states have a different
response to LDIR, namely that earlier treatment resulted in reduc-
tion of plaques and inflammation markers whereas later treatments
had only a cognitive impact (43—45). Identifying the stage of the
disease at which treatment is most beneficial is an important
marker for the future of this work. Furthermore, it has been shown
that female mice and rats respond differently from their male
counterparts, with no reduction in amyloid-3 and minimal inflam-
matory responses (46). Differences in sex have been seen in other
treatment modalities as well and are an important factor that must
be considered when designing protocols.

CONCLUSION

We prepared and evaluated a 2!*Bi-labeled benzofuran pyridyl
derivative, 8, and an orthogonal fluorescent derivative, 12, to demon-
strate the potential of a TAT strategy for the treatment of amyloid-f3
aggregate—associated diseases. Initial experiments show that 8 exhi-
bits binding affinity like that previously reported for amyloid-(3 aggre-
gate—selective compounds and demonstrates utility as a TAT agent by
reducing the concentration of amyloid-f3 aggregates in vitro and in a
dose-dependent manner. These studies show that physical energy, via
TAT, can significantly reduce amyloid-8 aggregates, supporting the
further development of TAT approaches to clear amyloid- aggre-
gates associated with AD and other neurodegenerative diseases.
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KEY POINTS

QUESTION: Does TAT reduce amyloid plaque burden?

PERTINENT FINDINGS: In vitro assays showed reduction of
amyloid-B when exposed to TAT. Compound 8 was shown to
bind selectively while radiolabeled with a high specific activity.

IMPLICATIONS FOR PATIENT CARE: TAT should be studied
in vivo for its effects on amyloid-B plaques and activation of the
immune system as a therapeutic route for AD.
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