ACSMedicinal

hemistry Letters)

pubs.acs.org/acsmedchemlett

A New Highly Deuterated ['®F]AV-45, ['®F]D15FSP, for Imaging

p-Amyloid Plaques in the Brain

Hao Xiao, Seok Rye Choi, Ruiyue Zhao, Karl Ploessl, David Alexoff, Lin Zhu, Zhihao Zha,

and Hank F. Kung*

Cite This: ACS Med. Chem. Lett. 2021, 12, 1086—1092

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations ‘

@ Supporting Information

ABSTRACT: [“¥F]AV-45 (florbetapir f18, Amyvid) is an FDA-
approved PET imaging agent targeting Af plaques in the brain for
diagnosis of Alzheimer’s disease (AD). Its metabolites led to a high
background in the brain and large bone uptake of [**F]F~, produced
from dealkylation of the PEG chain. To slow down the in vivo
metabolism, we report the design, synthesis, and evaluation of a highly
deuterated derivative, ['"*F]D1SFSP, and compared it with N-methyl-
deuterated ['SF]D3FSP and nondeuterated ['*F]AV-45. D1SFSP
displayed excellent binding affinity (K; = 7.52 nM) to Af} aggregates.
In vitro autoradiography of ['*F]D1SFSP, ['*F]D3FSP, and ['*F]AV-
4S5 showed excellent binding to Af plaques in human AD brain
sections. Biodistribution studies displayed lower bone uptake at 120
min for ["*F]D1SFSP compared to that for [**F]D3FSP and [**F]AV-
45 (144 vs 423 and 4.03%ID/g, respectively). As the highly
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deuterated ['®F]D1SFSP displayed excellent AS binding affinity, high initial brain penetration, and lower bone retention, it

might be suitable for PET imaging in detecting A plaques.
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Izheimer’s disease (AD) is a common neurodegenerative

disorder. It is characterized neuropathologically by the
accumulation of f-amyloid protein aggregates (A plaques)
and tau protein (tangles) in the brain."” Positron emission
tomography (PET) imaging of Af plaques in the brain is a
useful tool to define the presence of Af plaques, a critical risk
factor for AD. A negative scan is highly beneficial as it
definitively rules out AD. Therefore, amyloid PET imaging
provides specific information on the underlying pathology.”™”
One of the well-studied PET imaging agents targeting Ap
plaques in the brain is Pittsburgh Compound-B ([M'cIpIB)®”
(Figure 1). Due to the short physical half-life of ''C (T, = 20
min), PIB is not readily available commercially. '*F (T, /, = 110
min)-labeled amyloid imaging agents are attractive for a large-
scale patient study and widespread distribution. Three '°F-
labeled tracers have been successfully developed and approved
by the FDA,*’ including ['®F]AV-45 (florbetapir f18, Amyvid),
['*F]AV-1 (florbetaben f18, Neuraceq), and ['*F]FPIB
(flutemetamol f18, Vizamyl) (Figure 1). Among them,
['*F]JAV-45 was the first tracer approved by the FDA for
human Af imaging.”'® Post-mortem studies of AD patients
showed that ['®F]JAV-45 PET imaging prior to the death
correlated well with the regional distribution of Af plagues in
the brain.'” ['®F]AV-45 has been widely accepted as a clinical
tool for in vivo visualization and quantification of Af plaques

© 2021 American Chemical Society

7 ACS Publications

1086

in the brain of suspected AD patients. Amyloid PET imaging
provides information which could benefit millions of patients
who are suffering from this disease."'

Previous reports on in vivo metabolism of ['*F]JAV-45 in
mice showed a rapid drop of the plasma concentration after i.v.
injection.'” At 30 min after an intravenous injection, only 30%
of the parent compound, ['*F]AV-4S, remained in the plasma.
Comparably, ['®F]AV-1 also displayed a rapid in vivo
metabolism.'>'* Due to the close similarity in the chemical
structures between ['*F]AV-4S and ["*F]AV-1 (Figure 1), they
exhibited similar in vivo pharmacokinetics and metabolic
profiles.'>'® One of the major metabolites for both tracers
resulted from the loss of the fluoropolyethylene glycol (PEG)
side chain, which subsequently led to production of ['°F]-
fluoroethanol and ['*F]fluoride. Bone uptake of ['*F]fluoride
in vivo could serve as a surrogate for measuring in vivo
defluorination.'”
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Figure 1. Chemical structures of the four most commonly employed PET imaging agents targeting Af plaques in the living human brain.
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Figure 2. Examples of deuterium substituted drugs and PET imaging agents.

Scheme 1. Synthesis of Nonradioactive D15FSP (1) and Its Precursor (4) for Fluorination
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We hypothesized that deuterium substitution for hydrogen
on the PEG chain might slow down the suspected in vivo
metabolism. The utility of deuterium substitution for hydrogen
to alter pharmacokinetics and metabolism in pharmaceuticals
is a valuable approach in the toolbox of medicinal
chemists.'* ™' In April 2017, the FDA approved deuterated
tetrabenazine (SD-809, Austedo) (Figure 2) for the treatment
of chorea with Huntington’s disease. Dextromethorphan and
D6-dextromethorphan (AVP-786) (Figure 2) have received
fast track designation by the FDA but have not yet reached
regulatory approval.””** Several successful examples of PET
imaging agents using deuterium substitution for hydrogen have
been reported,””** including ["'C]-L-deprenyl-D2*°~* (in-
stead of [''C]-L-deprenyl) for mapping MAO-B activity in the
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brain. One recently reported example is the use of a deuterated
DTBZ derivative, ["*F]D6FP-DTBZ***’ (a derivative of
["®*F]AV-133) (Figure 2) for mapping vesicular monoamine
transporter 2 (VMAT2) in the brain. The deuterated
["*F]D6FP-DTBZ displayed excellent specific target binding,
high regional specific uptake in the striatum of the brain, and a
clear advantage in reduction of in vivo bone uptake in rats. To
some extent, they all showed different degrees of modified
pharmacokinetic and metabolic profiles. Deuterium substitu-
tion for hydrogen may also present a beneficial effect by
decreasing in vivo defluorination, thereby reducing bone
uptake and background activity.”’

By modifying the in vivo kinetics, this highly deuterated
imaging agent, ['*F]D1SFSP, may lead to an alternative useful
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Scheme 2. Preparation of ['*F]D1SESP (['*F]1), ["*F]D3FSP (['*F]2), and ['*F]AV-45 (['*F]3)
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Figure 3. Comparison of in vitro autoradiography images between (a) ["*F]D1SFSP and (b) ['®F]AV-4S on frozen post-mortem brain tissue
sections from brain regions of various patients with Alzheimer’s disease (seven samples starting on the left) and healthy control (two samples on
the right). Both tracers showed consistent and comparable f-amyloid plaque binding.

PET imaging agent targeting amyloid plaques in the brain. We
report herein the synthesis and biological evaluation of this
potential new imaging agent based on deuterium substitution
for hydrogen approach.

Synthesis of the cold standard compound D1SFSP (1) and
its precursor (4) for fluorine labeling is shown in Scheme 1.
Synthesis and characterization of related compounds are
included in the Supporting Information. THP-protected
compound 7 was prepared by using D4-2-bromoethanol as
the starting material. Subsequent coupling reaction with D4-
1,2-dihydroxyethane in the presence of sodium hydride yields
predominantly the desired D12-substituted compound 9 in a
yield of 41.9%. The PEGylated pyridine 10 was produced by a
coupling reaction of compound 9 with 2-chloro-5-iodopyr-
idine, which was followed by the Pd-catalyzed coupling with a
vinyl precursor compound 11. The resulting alcohol 12 was
then transformed into a tosylated compound 4 (overall yield
5.0%), which also served as a precursor for radiolabeling with
['®F]fluoride. Precursor 4 for fluorination was then reacted
with TBAF to give intermediate 13. The N-Boc protecting
group of compound 13 was selectively removed by TFA
hydrolysis to give the desired final product, D1SESP (1), in an
overall yield of 2.0%.

Radiolabeling procedures (Scheme 2) were similar to
published methods for ['*F]AV-45."> Precursor 4 was
radiolabeled with activated [®F]fluoride with K,,,/K,CO;
in DMSO for 15 min at 110 °C. After being cooled, the
protection group was cleaved with 10% aqueous HCI solution
at 100 °C for 10 min. The product, ['"*F]D1SFSP, was then
purified by semipreparative HPLC. Starting activities used
were 945 + 541 MBq (n = 3), with radiochemical purities of
the final product determined to be 96.6 + 1.7%. Radiochemical
yields (decay corrected) were 53.0 + 7.8% with molar activities
(A,,) of 23.0 + 7.4 GBq/umol. ["*F]D3FSP and ['*F]AV-45
were synthesized in a similar manner.™™
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The selective and specific binding of ['*F]D1SFSP to f-
amyloid plaques was performed by autoradiography. Adjacent
AD brain tissue sections were incubated with ["*F]D15FSP or
["*F]JAV-45 in vitro to compare the tracers’ binding to /-
amyloid plaques directly. The images of autoradiography
(Figure 3) for both [**F]D1SFSP and ['*F]AV-45 showed very
similar results. The S-amyloid plaques in the gray matter
labeled by radiotracers are displayed as a darkly speckled band
on the edge of the gray matter, while the lightly stained area in
the center of the tissue reflects that the white matter (where
density of f-amyloid plaques is usually very low) is not labeled
by radiotracers specifically.

A blocking study suggested that specific ['*F]D1SFSP
binding to adjacent AD brain sections was blocked by “cold”
D1SFSP, D3FSP, and AV-4S at the concentration of 5 uM,
indicating that they are competing for the same binding sites
(Figure 4). The autoradiography studies of ["*F]D1SFSP and
['"®*F]AV-4S demonstrate that these two agents shared the same
selective and specific binding to S-amyloid binding regions of

Control

Competition by “cold” drugs
AV-45 D3FSP D15FSP

Figure 4. Autoradiography images of adjacent post-mortem AD brain
sections using ['®F]D1SESP: control and blocking of S-amyloid
plaque binding by various “cold” competing drugs—AV-45, D3FESP,
or DISFSP. The concentration of competing drugs was S uM.
Significant reduction of the signal implied that they are competing for
the same binding sites.

https://doi.org/10.1021/acsmedchemlett.1c00062
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AD brain, and they showed high specificity in binding to Af
plaques in the gray matter of these adjacent AD brain sections.

Next, an in vitro binding assay was used to measure affinity
to Af aggregates in the AD brain tissue homogenates for “cold”
D1SFSP, D3FSP, and AV-45. The inhibition constants (K;
nM) of “cold” competing ligands against binding of ['**I]-
IMPY,'*** a known Ap binding ligand, are presented in Table
1. As expected, the highly deuterated analogue DI1SFSP

Table 1. In Vitro Binding Affinity to f-Amyloid Plaques of
Human AD Brain Homogenates with [IZSI]IMPY,IZ’30 a
Known Af Binding Ligand, as the Ligand (K, nM, Avg +
SD, n = 4)

DI1SESP
7.52 £ 1.04

D3ESP
5.39 £ 141

AV-45
5.18 + 0.79

competition drugs

K, nM

displayed excellent binding affinity (K; = 7.52 + 1.04 nM). No
significant differences among three compounds were observed
in binding affinity to amyloid. Their binding patterns and
intensity in post-mortem brain tissue sections from AD
patients are very similar, which demonstrate high selectivity
and specificity of these compounds to -amyloid plaques.

Finally, biodistribution studies using normal mice were
performed for ["*F]JD1SFSP (Supporting Information). The
results were compared with previously reported for ['*F]AV-4S
and ['*F]D3ESP.'>'” After an i.v. injection into the tail vein of
normal mice, all three tracers, ['*F]AV-45, ['®F]D3FSP, and
["F]D1SFSP, showed good initial brain penetration and
washout from mice brain, as shown in Table 2. ['*F]D1SFSP
entered the brain and reached 6% injected dose per gram (%
ID/g) within 2 min. Then, the activity in the brain cleared
rapidly and dropped to 1.3%ID/g by 30 min. These tracers
showed high initial uptake in the brain and washed out rapidly
due to absence of f-amyloid deposits in a normal mouse brain.
In Alzheimer’s patients, ['*F]AV-4S displayed higher retention
in the brain due to presence of Af plaques.

The two deuterium-substituted tracers, ['F]D15FSP and
["*F]D3FSP, showed lower residual activity in the brain (at 60
and 120 min), which might possibly suggest an improved
image contrast for amyloid plaque in AD patients. Results for
[*8F]D15FSP showed the lowest residual retention of activity
in the brain at 120 min post-i.v. injection. Based on the initial
uptake at 2 min, the kinetics of brain uptake and washout of
these three tracers at 30, 60, and 120 min were normalized
(Figure S). ['®F]D1SFSP showed a lower residual brain
retention as compared to those of ['*F]AV-45 and
["*F]D3FSP. Although the statistical significance is low (low
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Figure S. Ratio of brain activity in normal mice at 30, 60, and 120 min
vs 2 min of [**F]D15FSP and [**F]D3FSP and ['*F]AV-45.

number of mice (n = 3) for each time point and the absence of
target amyloid in the normal brain), this observation suggests
that ['®F]D1SFSP might have improved metabolic stability,
which results in overall lower activity in the normal brain.
However, more data are needed to confirm this.

Biodistribution studies in mice showed that ["*F]D15FSP
and ["®*F]D3FSP displayed lower residual blood activity in 2 h
postinjection, which might be beneficial to improve the image
contrast for amyloid plaque detection when tested in AD
patients with Af3 deposition in the brain (Table 2).

The biodistribution results in normal mice showed that
["*F]D1SFSP, ["*F]D3FSP, and ['*F]AV-4S displayed similar
uptake in most organs, except for the bone uptake. The bone
uptake of ['"*F]AV-4S, ["®F]D3FSP, and ['*F]D15FSP at 2 and
120 min were 1.31/4.04, 1.57/4.23, and 0.97/1.44%ID/g,
respectively (Figure 6). This shows a significant drop in bone
uptake of ["*F]DISFESP, indicating a statistically significant
reduction of defluorination. However, it appeared that there
were no significant differences between the bone uptake
between ['*F]D3FSP and ['*F]AV-4S (Figure 6). Seemingly,
the lower bone uptake is prominent only for the highly
deuterated ['®F]D1SFSP. It is reasonable to speculate that the
deuterium substitution on the fluoro-PEG side chain leads to a
decrease in in vivo defluorination.

It was reported that N-demethylation is one of the major
pathways of metabolism in ['*F]JAV-45 and ['*F]AV-1."""7
Previous research on in vitro metabolism of ['®F]AV-45 in rat
liver microsomes also suggested that the N-demethylated
metabolite of ['*F]AV-45 was further degraded by cleavage of

Table 2. Brain and Blood Uptake of ['**F]D1SFSP,”, ['"*F]D3FSP,” and [*F]AV-45" in CD-1 Mice (%ID/g, Avg + SD, n = 3—

time after injection (min)

6)

organ tracer 2

brain ["*F]D1SESP 5.99 + 0.14
['*F]D3ESP 5.69 + 0.31
['8F]AV-45 4.77 + 0.61

blood ['*F]D1SESP 221 + 0.16
['®F]D3FSP 2.14 + 0.12
['8F]AV-45 249 + 0.29

30 60 120
1.30 + 0.19 1.11 + 0.03 1.18 = 0.11
1.66 + 0.20 1.37 £ 0.13 1.24 + 0.06
1.59 + 0.16 1.46 + 0.16 1.38 + 0.18
2.16 + 0.16 1.98 + 0.24 1.51 £ 028
1.94 + 041 1.88 + 0.17 147 = 0.19
2.71 £ 0.38 2.17 £ 0.38 1.74 £ 031

“Detailed data for biodistribution of ['*F]D1SFSP are presented in Supporting Information (Table S1). bAveraged values for ["*F]D3FSP and

12,17

["®F]AV-4S were from previously reported data
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and other in-house data.
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Figure 6. Comparison of bone uptake among ['*F]D1SESP,
[**F]D3FSP, and [**F]AV-45S. In vivo biodistribution of [**F]D1SFSP
showed a clearly distinctive lower bone uptake, suggesting a lower
amount of free fluoride metabolite than that with the other two
compounds, ["*F]D3FSP and [**F]AV-45. *p < 0.05 was considered a
statistically significant difference by t-test.

the PEG side chain.”' ['*F]fluoroethanol might serve as one of
the major metabolites of ['*F]AV-45 through the O-deal-
kylation pathway. Subsequently, it would then be oxidized to
["*F]fluoroacetaldehyde, which was further metabolized to
[**F]fluoroacetate and trapped inside the cell by the form of
['®F]fluoroacetyl-CoA.’” As a result, ['*F]fluoroethanol
showed a high and prolonged retention in the brain and
blood.”** In the O-dealkylation reaction, cytochrome P450
may catalyze hydroxylation of a C—H bond «a to the oxygen
atom, followed by an oxidation reaction leading to the removal
of the ether.”” As C—D bonds are slightly shorter and more
stable than C—H bonds, deuterium substitution for hydrogen
would in theory show slower kinetics in breaking of C—D bond
in the O-dealkylation,” thereby leading to a better stability of
["*F]D1SFSP, as compared to that of ['*F]D3FSP and
['®F]JAV-45. As a consequence, deuterium substitution for
hydrogen might reduce the level of ['*F]fluoroethanol and the
next level metabolite, ['*F]2-fluoroacetylaldehyde in the blood
circulation, which cross the blood—brain barrier and lead to
higher background in the brain.’*** The subsequent
metabolite is ['*F]JF~, which is reflected in higher bone
uptake. This might be a plausible explanation on why
["*F]D1SFSP displayed more rapid blood clearance, which
might lower residual activity in the brain. In addition,
['*F]D1SFSP showed significantly lower bone uptake
compared to those of ['"*F]D3FSP and ['®F]AV-45, suggesting
less defluorination as explained above. At this moment, it is
unknown if the highly deuterated ["*F]DISFSP would be
useful when applied in AD patients. Results for modifying in
vivo metabolism by the heavily deuterated alternative agent
should be worthy of evaluation in humans in the future.
Human radiation dosimetry was estimated based on the
biodistribution of ['*F]D1SFSP after iv. injection in normal
male mice. The organs that were estimated to receive high
doses of ["*F]D15FSP were kidneys, liver, and intestines. The
effective estimated human dose (ED) of ['*F]D15FSP was
calculated as 18.9 uSv/MBq for a human male. As shown in
Table 3, the estimated radiation dose of ['*F]D1SFSP is very
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comparable to those of other amyloid imaging agents and
supports further investigation of ['*F]D1SFSP in humans.

Table 3. Comparison of ED Estimates for [**F]D15FSP with
Other Amyloid Radiopharmaceuticals

ED
tracer subject (uSv/MBq)

["*F]D1SESP male mice 19.5

florbetapir (['®F]AV-45) 3 males and 6 females human 18.6
data

flutemetamol (['*F] S males and 1 female human 33.8
GE067) data

florbetaben (['*FAV-1) 2 males and 1 female human 14.7
data

["*F]FDG 19.0

[Mc]riB 3 males and 3 females human 5.3

data

Since there are already three FDA-approved Af plaque
imaging agents available commercially, one may argue that
there is no need for further research in this area. However,
analysis of amyloid/PET images produced by ['*F]AV-4S still
poses challenging problems. In many cases, it is difficult to
visually separate images between the AD and mild-cognitive
impairment patients from those of normal aging subjects.*®
Interpretation of the brain images requires prior training for
nuclear medicine physicians as mandated by the FDA. This is
likely due to the fact that the regional distribution of signal
density (reflecting specific AS plaque binding) in the gray areas
of the cortex are very close to the white matter in the interior
of the brain. Signals in the white matter represent nonspecific
binding, as post-mortem pathological studies of AD brain
white matter showed very low AB plaque density.'””” There
remains a need to improve the diagnostic interpretation by
increasing the signal of specific binding against noise.
Deuterated imaging agents producing lower in vivo metabolites
might be a suitable approach to enhance the signal-to-noise
ratios in the brain. Though our results have several limitations
such as a small number of mice, mice lacking in target amyloid,
species and individual differences in CYP enzyme activity, etc.,
they suggest a small step in addressing this critical issue in this
field.

In conclusion, highly deuterated ['"*F]D1SFSP is a potential
P-amyloid targeting imaging agent. Preliminary studies
suggested that ['*F]DI1SFSP is selective in binding to Af
aggregates with high affinity. In vivo studies in mice showed
excellent brain penetration, faster clearance from the normal
brain, and a lower bone uptake as compared to that of
nondeuterated ['*F]AV-45. The improved properties observed
for ['F]D1SFSP suggest that it might be a suitable candidate
as a new Af imaging agent to assist the diagnosis of
Alzheimer’s disease. Estimated dosimetry for ['*F]D1SFSP
suggests ED comparable to that of other radiopharmaceuticals,
making it a suitable candidate for further development as a new
amyloid imaging agent.

Drs. Zha, Choi, Ploessl, Alexoff and Kung are inventors of a
patent, in which ["*F]D1SFSP was part of the claims. Five
Eleven Pharma Inc. holds the patent rights for D1SFSP and
related technology.”® All protocols requiring the use of mice
were reviewed and approved by the Institutional Animal Care
and Use Committee (University of Pennsylvania).
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