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Abstract

Purpose Extensive deposition of senile plaques and neuro-
fibrillary tangles in the brain is a pathological hallmark of
Alzheimer’s disease (AD). Although several PET imaging
agents have been developed for in vivo detection of senile
plaques, no PET probe is currently available for selective
detection of neurofibrillary tangles in the living human
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brain. Recently, ['*F]THK-523 was developed as a potential
in vivo imaging probe for tau pathology. The purpose of this
study was to compare the binding properties of ['*F]THK-
523 and other amyloid imaging agents, including PiB, BF-
227 and FDDNP, to synthetic protein fibrils and human
brain tissue.

Methods In vitro radioligand binding assays were con-
ducted using synthetic amyloid 4, and K18AK280-tau
fibrils. Nonspecific binding was determined by the addition
of unlabelled compounds at a concentration of 2 uM. To
examine radioligand binding to neuropathological lesions,
in vitro autoradiography was conducted using sections of
AD brain.

Results ['®F]THK-523 showed higher affinity for tau fibrils
than for AP fibrils, whereas the other probes showed a
higher affinity for Af fibrils. The autoradiographic analysis
indicated that ['F]THK-523 accumulated in the regions
containing a high density of tau protein deposits. Converse-
ly, PiB and BF-227 accumulated in the regions containing a
high density of AB plaques.

Conclusion These findings suggest that the unique binding
profile of ['*F]THK-523 can be used to identify tau deposits
in AD brain.

Keywords PET probes - Tau - Amyloid - Alzheimer’s
disease

Introduction

Senile plaques and neurofibrillary tangles (NFTs) com-

posed of amyloid-f (AR) peptides and aggregated tau
proteins, respectively, are the pathological hallmarks of
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Alzheimer’s disease (AD). In vivo amyloid imaging
techniques have received a lot of attention for their
promise in presymptomatic detection of AP pathology
[1]. Recently, several f-sheet binding radiotracers have
been developed as PET amyloid imaging agents [2]. Among
them, '®F-labelled 2-(1-{6-[(2-fluoroethyl(methyl)amino)-2-
naphthylethylidene)malononitrile (['*FJFDDNP) was the first
PET probe to be applied to clinical PET imaging in patients
with AD [3]. This tracer demonstrated higher regional uptake
in the medial temporal lobe and neocortex, and was claimed to
bind to AP and tau pathological lesions [3]. Subsequently, ''C-
labelled 2-[4'-(methylamino)phenyl]-6-hydroxybenzothiazole
(["'CIPiB) and 2-(2-[dimethylaminothiazole-5-yl]jethenyl)-6-
(2-[fluoro]ethoxy)benzoxazole ([ CIBF-227) were also devel-
oped as amyloid imaging radiotracers. These tracers bind to A3
fibrils with high affinity [4] and have demonstrated a signifi-
cantly higher retention in the neocortical areas of brains of AD
patients than of healthy controls [5, 6]. Furthermore, post-
mortem analysis of AD patients who had undergone [*' C]PiB
PET imaging before death suggested a strong correlation be-
tween in vivo PiB binding and regional distribution of Af
plaques [7].

Amyloid imaging with PET can detect AD pathology
in its preclinical stage [8]. However, amyloid deposition
as assessed by [''CJPiB PET correlates poorly with
cognitive impairment in AD [9, 10], whereas deposition
of tau in the medial temporal cortex is closely associ-
ated with neuronal death in this region. Selective tau
imaging would provide important information about the
tau pathophysiological features in AD, allowing correla-
tion of brain tau load with cognitive decline, monitoring
of disease progression and evaluation of therapeutic efficacy
of newly developed therapies. Potential candidates for in vivo
tau imaging agents include quinoline derivatives [11], and in a
recent study, we found that one quinoline derivative, ['*F]
THK-523, showed higher affinity for tau rather than amyloid
fibrils. Furthermore, an autoradiography analysis indicated
that this tracer binds specifically to tau deposits but not AR
burden at tracer concentrations usually achieved during a PET
scan [12].

Fig. 1 Chemical structures of
['cIpiB, ['*FIFDDNP, [''C]
BF-227 and [*F]THK-523

The binding profiles of PiB, BF-227 and FDDNP to A
fibrils have been well described. Because tau, o-synuclein and
prion fibrils, as well as A fibrils, share a common (3-sheet
secondary structure, these compounds can potentially bind all
these misfolded proteins. A previous study indicated that PiB
binds to both AR and PHF tau pathology in vitro [13].
However, the binding occurs at higher concentrations
than usually achieved in vivo during a PET scan. Furthermore,
PET-pathology correlation studies have demonstrated that
PiB binding reflects AP pathology [7, 14]. Newly developed
"F.labelled amyloid PET tracers have similarly shown good
correlation with AP plaque density [15, 16]. However, the
binding affinity of these radiotracers for tau fibrils remains
unknown and the binding properties of ['*F]THK-523 have
not been directly compared with those of other amyloid PET
agents. Here, we compared the binding affinity of [*®F]THK-
523 to synthetic AP and tau protein fibrils as well as to senile
plaques and NFTs in human brain samples with those of PiB,
BF-227 and FDDNP, to characterize the binding properties of
THK-523 and to obtain a better understanding of current and
future PET data.

Materials and methods
Materials

The nonlabelled compounds PiB, BF-227, FDDNP, THK-
523 (Fig. 1) and their precursors were custom-synthesized
by Tanabe R&D Service (Osaka, Japan). Human A4, was
purchased from Peptide Institute Inc. (Mino, Japan). Re-
combinant K18AK280-tau protein was obtained from Invi-
trogen (Tokyo, Japan).

Radiolabelling of PiB, BF-227, THK-523 and FDDNP

[HIPiB (specific activity 2.96 GBq/pumol) was purchased from
American Radiolabeled Chemicals (St. Louis, MO). ['!C]PiB
was radiolabelled using its precursor (2-(4-aminophenyl)-6-
methoxymethoxybenzothiazole) and ['!CJmethyl triflate, as
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previously described [17, 18]. The mean specific activity of
[''C]PiB was 34.6 GBg/pmol.

['®F]BF-227 was synthesized by nucleophilic substitution of
the tosylate precursor (2-[2-(2-dimethylaminothiazol-5-yl)e-
thenyl]-6-[2-(tosyloxy)ethoxy]benzoxazole. After a 10-min re-
action at 110 °C, the crude mixture was partially purified on an
activated Sep-Pak tC18 cartridge before being purified by semi-
preparative reverse-phase HPLC. Standard tC18 Sep-Pak refor-
mulation produced ['SF]BF-227 in >95 % purity. The
radiochemical yield was 12-19 % (non-decay-corrected), and
the mean specific activity of ['SF]BF-227 was 163 GBq/pmol at
the end of the synthesis. ['' CJBF-227 was synthesized using N-
desmethylated derivatives as its precursor and [''Clmethyl tri-
flate, as previously described [6]. The mean specific activity of
["'CIBF-227 was 136 GBg/wmol.

['8F]THK-523 was synthesized by nucleophilic sub-
stitution of the tosylate precursor (2-(4-aminophenyl)-6-
(2-tosyloxyethoxy)quinolone) as previously described
[12]. The standard tC18 Sep-Pak reformulation produced
['®F]THK-523 in >95 % purity. The radiochemical yield
was 38-49 % (non-decay-corrected), and the mean spe-
cific activity of ['*F]THK-523 was 68 GBg/umol at the
end of the synthesis.

['®FIFDDNP was radiolabelled by the nucleophilic
substitution of the tosylate precursor (2-{[6-(2,2-
dicyano-1-methylvinyl)-2-naphthyl](methyl)amino} ethyl-
4-methylbenzenesulphonate) as previously described
[19]. After a 15-min reaction at 95 °C, the crude mix-
ture was partially purified on an activated Sep-Pak tC18
cartridge before being purified by semipreparative
reverse-phase HPLC. Standard tC18 Sep-Pak reformula-
tion produced ['*FJFDDNP in >95 % purity. The radio-
chemical yield was 12-19 % (non-decay-corrected), and
the mean specific activity of ['SFJFDDNP was 27 GBq/
pmol at the end of the synthesis. All analysis HPLC
chromatograms are shown in the Supplementary figure.

In vitro radioligand binding assays

Synthetic A4, fibrils and K18AK280-tau fibrils were pre-
pared as previously described [12]. For in vitro binding
assays, synthetic A4, or KI1SAK280 fibrils (200 nM) were
incubated with increasing concentrations of ["H]PiB and '°F-
labelled compounds (0.5-200 nM). To account for nonspecif-
ic binding of [°H]PiB and '®F-labelled compounds, the above-
mentioned reactions were performed in triplicate in the pres-

ence of each unlabelled compound at a concentration of 2 uM.

The binding reactions were incubated for 1 h for the '°F-
labelled compounds and 3 h for [PH]PiB at room tempera-
ture, in 200 pL of assay buffer (Dulbecco’s PBS, 0.1 %
BSA). Separation of bound from free radioactivity was
achieved by filtration under reduced pressure (MultiScreen
HTS Vacuum Manifold, MultiScreen HTS 96-well 0.65-um

filtration plate; Millipore, Billerica, MA). The filters were
washed three times with 200-pL assay buffer, and the filters
containing the bound 'F-labelled compounds were then
assayed for radioactivity in a 7y counter (AccuFLEX
7000, Aloka, Tokyo, Japan). The filters containing [*H]
PiB were incubated in 2 mL of scintillation fluid (Aquasol-
2; PerkinElmer, Boston, MA), and the radioactivity of *H
was counted using a 3 counter (LS6500 liquid scintillation
counter; Beckman Coulter, Brea, CA). The binding data
were analysed with curve-fitting software that calculated
the Kp and By« using nonlinear regression (GraphPad
Prism version 5.0; GraphPad Software, San Diego, CA).

Autoradiography, immunohistochemistry and Gallyas silver
staining

Demographics of post-mortem brain samples are shown in
Table 1. The frontal and medial temporal brain sections
(6 um thick) of three AD patients were incubated with
1.0 MBg/mL '!'C-labelled and 'SF-labelled compounds at
room temperature for 10 min and then washed briefly with
water and 50 % ethanol. After drying, the labelled sections
were exposed to a BAS-III imaging plate (Fuji Film, Tokyo,
Japan) overnight. The autoradiographic images were
obtained using a BAS-5000 phosphoimaging instrument
(Fuji Film) with a spatial resolution of 25x25 wm. The
adjacent sections were immunostained using AT8 anti-tau
monoclonal antibody (diluted 1:20; Innogenetics, Ghent,
Belgium) and 6F/3D (diluted 1:50; Dako, Glostrup, Den-
mark). The adjacent sections were also stained by the
Gallyas-Braak method, which has been reported to be
NFT-specific [20].

Results
Binding affinity for synthetic AP} and tau fibrils

To characterize the binding properties of THK-323, PiB,
BF-227 and FDDNP, in vitro radioligand binding assays for
synthetic AP4, and truncated tau construct (K18AK280)
fibrils were performed under the same experimental condi-
tions. Truncated tau construct (K18AK280) consists of the
four repeat regions (244-372) but lacking lysine 280
(AK280) observed in FTLD-17 familial mutation.

Table 1 Demographics

of brain samples used in Brainno. Age Sex Post-mortem
this study (years) interval (h)
AD1 76 F 16
AD2 82 F 17
AD3 92 F 8.5
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KI18AK280 tau aggregates exhibit the similar characteristic as
PHF-tau from AD brain [21]. In addition, K18AK280 tau
forms aggregates quickly without cofactor such as heparin
[22]. Thus, we used K18AK280 fibrils for the in vitro binding
assays. Our analysis indicated that ['®F]THK-523 had a higher
binding affinity for tau fibrils (Kp; = 1.99 % 0.21 nM,
Buax1 = 1.22 + 0.24 pmol THK-523/nmol K18AK280-tau)
than for Af,, fibrils (Kp; = 30.3 & 3.91 nM,
Biax1 = 12.6 + 0.45 pmol THK-523/nmol Af,4,). which was
similar to previously published data [12]. On the other hand,
[*H]PiB bound to AP4. fibrils with high affinity
(Kpy = 0.84 + 0.18 nM, Bypax1 = 0.44 £ 0.07 pmol PiB/nmol
AB4a). ['H]PiB also showed two binding sites for
K18AK280-tau fibrils, but with a lower affinity
(Kp1 = 6.39 + 1.63 nM, By = 1.38 &= 0.48 pmol PiB/nmol
K18AK280) than ['*FJTHK-523. ['*F]BF-227 showed a high
binding affinity for AR4, fibrils (Kp; = 1.72 % 0.83 nM,
Bmaxi = 0.50 + 0.14 pmol BF-227/nmol Af4;), similar to
our previous report [23], but showed a lower affinity for tau
fibrils (Kp = 30.2 4+ 2.29 nM, By.x = 10.7 & 0.24 pmol BF-
227/nmol K18 AK280-tau). [ *F]BF-227 had an approximate-
Iy 20-fold higher affinity for the first class of Af4, binding
sites compared with tau fibrils. Only one class of ['*FJFDDNP
binding site was identified on the AR 4, (Kp=5.52+1.97 nM,
Buax = 0.277 £ 0.06 pmol FDDNP/nmol Af4,) and
KI18AK280 tau fibrils (Kp = 36.7 + 11.6 nM,
Buax = 2.14 £ 0.46 pmol FDDNP/nmol K18AK280-tau).
These results suggest that ['*F]JFDDNP binds AP, fibrils
with lower affinity than ["H]PiB and ['*F]BF-227. Further-
more, ['*FJFDDNP had an approximately sevenfold higher
affinity for Af4, fibrils than for tau fibrils. These binding
profiles are significantly different from that of ['*F]THK-
523 (Table 2).

In vitro autoradiography of human brain sections

To further assess the binding selectivity of ['*F]THK-523,
autoradiographic images of the frontal (Fig. 2) and medial
temporal (Fig. 3) brain sections from three AD patients,
using ['F]THK-523, [''C]PiB and [''C]BF-227, were com-
pared. While A plaques in the frontal grey matter were

labelled with [''C]PiB (Fig. 2a—c) and [''C]BF-227
(Fig. 2g—), the binding of [**F]THK-523 in the frontal grey
matter (Fig. 2m—o) was considerably lower. In the medial
temporal brain sections, [''CJPiB (Fig. 3a—c) and [''C]BF-
227 (Fig. 3g—1) did not accumulate in the hippocampal CAl
area, whereas ['*F]THK-523 (Fig. 3m-o0) did accumulate in
this area (Fig. 3m—o). The presence of a high density of tau
and a low density of A in this area was confirmed by
immunohistochemistry (Fig. 3d-f, j-1). Furthermore, the
band-like distribution of ['®F|THK-523 in the inner layer
of the temporal grey matter was similar to the distribution of
tau (Fig. 3j-1). In the high-magnification images of case
AD3 (Fig. 3p—v), the distribution of ['SFJTHK-523 closely
resembled Gallyas silver staining and tau immunostaining.
["®F)THK-523 binding was observed in the areas showing a
high density of NFTs in the hippocampal CA1, the layer pre-
o and pri-« in the entorhinal cortex (ERC) (Fig. 3p, q, 1, 1).
Intriguingly, ['*F]THK-523 labelling in the layer pre-« of
the ERC corresponded to Gallyas silver staining better than
tau immunostaining, suggesting the preferential binding of
["8F]THK-523 to extracellular tau deposits that were clearly
visualized by Gallyas silver staining [25]. In contrast to
['8F]THK-523, the distribution of [''C]PiB was similar to
that of AB immunohistochemistry (Fig 3q, u, v). [''CIPiB
binding corresponded to the formation of amyloid in the
parvopyramidal layer of the presubicular area and in the
layers pre-f3 and pre-y of the ERC (Fig. 3s, v) [26].

Discussion

In the study reported here, we for the first time directly
compared the binding properties of the novel quinoline
derivative THK-523 and other amyloid PET probes. Our
data suggest the potential utility of THK-523 for the selec-
tive detection of PHF-tau in the living human brain, which
has not previously been achieved. The autoradiographic
images of sections from AD brains revealed that ['®F]
THK-523 successfully labelled PHF-tau deposits but did
not label AR deposits in the frontal and temporal cortices.
These findings suggest that ['*F]THK-523 is a promising

Table 2 Kp, and By, values of [PH]PiB, ['*F]BF-227, ['*FJFDDNP and ['*F]THK-523 for K18AK280-tau and AP, fibrils

Compound K18AK280 fibrils APy fibrils

KDI Bmaxl KDZ BmaxZ KDI Bmaxl KDZ Bmax2
['*FJTHK-523 1.99+0.21 1.22+0.24 50.7+2.73 4.55+0.74 30.3+3.91 12.6+0.45 - -
['*FIBF-227 30.2+2.29 10.7+0.24 - - 1.72+0.83 0.50+0.14 56.1£25.1 13.4£4.37
[‘*FIFDDNP 36.7+11.6 2.14+0.46 - - 5.52+1.97 0.277+0.06 - -
[PHIPiB 6.39+1.63 1.38+0.48 304+77.4 20.6£11.2 0.84+0.18 0.44£0.07 60.6+8.32 26.1£8.57

Kp values are in nanomoles, and B, values are in picomoles compound per nanomole fibrils (n=3).
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Fig. 2 Comparison of ['!C]
PiB, [1'CIBF-227 and ['5F]
THK-523 autoradiography with
the Af3 and tau immunostaining
in sections of the frontal brain
from three patients with AD
(4D1, AD2, AD3). Both ['C)
PiB (a—c) and ['!C]BF-227 (g-
i) showed dense accumulation
in the grey matter, closely
resembling the pattern of AR
immunohistochemistry using
the 6E/3D antibody (d-f). ['SF]
THK-523 (m-o) did not
accumulate in the grey matter,
which was correlated with no
marked staining with anti-tau
antibody ATS (j-1)

AD1

["CIPiB

Tau (AT8)  [\'CIBF-227  Ap (6F/3D)

[8F]THK-523

candidate as a tau imaging tracer, and could also be a lead
compound for future development of tau-selective radio-
tracers. We speculate that ['*F]THK-523 would show reten-
tion in tau-rich brain regions if administered to AD patients.
However, the specific signal of ['*F]THK-523 might be
lower than those of PiB and BF-227 owing to the lower
amount of tau deposits in the neocortex of AD patients [27].
Further compound optimization may be required to achieve
higher contrast imaging of PHF-tau deposits.

In in vitro saturation binding studies ['*F]THK-523 bound
with higher affinity to tau fibrils (Kp; 1.99 nM) than to Af4;
fibrils (Kp; 30.3 nM), whereas PiB and BF-227 showed the

AD2 AD3

opposite binding characteristics. [*H]PiB bound with higher
affinity to AR, fibrils (Kp; 0.84 nM) than to tau fibrils (Kp;
6.39 nM), similar to previous reports [7, 28, 29], and [* FIBF-
227 had more than a tenfold higher affinity for Af4, fibrils
(Kp 1.72 nM) than for tau fibrils (K18 AK280; Kp; 30.2 nM).
Autoradiographic images of sections of AD brain revealed
that [''C]PiB and ['!C]BF-227 accumulated in the grey matter
of the neocortex, which closely resembled the staining pattern
of A immunohistochemistry. A previous study suggested
that [PH]PiB labelled NFTs at tracer concentrations usually
achieved during a PET scan [13]. However, another study
showed no binding of the PiB derivative ["H]BTA-1 to
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AD1

McpiB

AB (6F/3D)

["CIBF-227

Tau (AT8)

["®FITHK-523

AD2

AD3

Fig. 3 Comparison of ['C]PiB, ['!C]BF-227 and [*FJTHK-523 au-
toradiography with Af and tau immunostaining images in sections of
the medial temporal brain from three patients with AD (4D1, 4D2,
AD3). [''CIPIB (a—¢) and [!'C]BF-227 (g-i) do not accumulate in the
hippocampal CA1 area which contains a low density of Af (d—f). In
contrast, accumulation of ['*FJTHK-523 is observed in the hippocam-
pal CAl area (m-o, arrowheads), which closely resembles AT8 im-
munoreactivity (j-1, arrowheads). In addition, the band-like labelling
pattern of ['*F]THK-523 in the inner layer of temporal cortex (m—o) is
closely similar to that of AT8 immunostaining (j-1). p-v High magni-
fication images of the medial temporal sections from patient AD3.
Many clusters of ['SFJTHK-523 binding in the ERC are consistent

@ Springer

with Gallyas silver staining (p, q, arrows). r Close-up image from p.
Numerous NFTs are located in the layer pre-x of the ERC (r inser).
The band-like distribution of ['*F]THK-523 in the layer pri-ct of the
ERC also resembles the labelling pattern of Gallyas silver staining (p,
filled arrowhead) as well as AT8 immunoreactivity (t, filled arrow-
head). {*'C]PiB binding (u) is also present in the ERC, but obviously
different from ['*FJTHK-523 binding (q) and similar to the 6F/3D
immunostaining pattern (v). Lake-like amyloid in the presubicular
region (v) is labelled with ['CJPiB, but not with ['*F]THK-523. s
Close-up image from v. A plaques (s inser) located in the layer pre-f
and pre-y are intensely labelled with ["'C]PiB (u). Asterisks in r and s
denote the same large blood vessel. Scale bar 100 pm
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plaque-free and NFT-rich ERC homogenates, despite the high
amount of [°’H]BTA-1 binding to frontal cortex homogenates
containing high levels of neuritic plaques [30]. Autoradio-
graphic and immunohistochemical analyses indicated that
PiB predominantly binds to senile plaques but not to NFTs.
These findings are consistent with the findings from clinical
PiB-PET studies showing no remarkable PiB retention in the
medial temporal cortex of AD patients [7].

Another radiotracer, [ISF]FDDNP, has been reported to
detect AP and tau pathological lesions in AD patients [3].
Previous clinical PET studies have shown higher cortical
uptake of ['*F]FDDNP in the lateral and medial temporal
lobes of AD subjects [3, 5]. Furthermore, a multitracer PET
study of [''C]PiB and ['®FJFDDNP has shown significant
retention of FDDNP in the medial temporal cortex, albeit no
remarkable retention of PiB in the same region [31]. How-
ever, in vitro binding studies have shown the limited binding
affinity of PHJFDDNP to AD pathological lesions [24], and
a previous autoradiographic analysis has suggested that [°H]
FDDNP does not significantly label any region in AD brain
[24]. Previous in vitro binding studies additionally showed
the binding affinity of FDDNP for A4 fibrils (Kp 0.12, 85
nM) [19, 24], but the binding affinity for tau fibrils was not
reported. Here, we showed that the binding affinity of ['*F]
FDDNP for tau fibrils (Kp; 36.7 nM) was similar to that of
['F]BF-227 (Kp; 30.2 nM), but much higher than that of
['8F]THK-523 (Kp; 1.99 nM).

In conclusion, the binding profiles of ['*F]THK-523,
["'CIPiB, ['®F]BF-227, and ['*FJFDDNP were compared
using in vitro saturation binding assays and autoradiography
of sections of AD brain. These data suggest that ['*F]THK-
523 shows a binding preference for tau protein fibrils.
Therefore, ['*F]THK-523 is a candidate as a radiotracer to
identify tau protein deposits and a lead compound for future
tracer development. Ongoing clinical trials will clarify the
clinical utility of this tracer and its derivatives for tau imag-
ing in vivo.
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Abstract

Purpose: The aims of this study were to evaluate the binding and pharmacokinetics of novel 'F-
jabeled ethenyl-benzoxazole derivatives (i.e., ['®F] fluorinated amyloid imaging compound of
Tohoku university (['®F]FACT)) as amyloid positron emission tomography (PET) tracers and to
assess ['®FJFACT efficacy in imaging of Alzheimer’s disease (AD).

Procedures: Binding assay was conducted using synthetic amyloid-3 (AB) fibrils, fluorescence
microscopy, and autoradiogram in three postmortem AD brains. Pharmacokinetics of ['®FJFACT was
assessed using 12 Crj:CD-1 (ICR) mice. In vivo binding ability with brain amyloid was investigated
using amyloid precursor protein (APP) transgenic mouse. Clinical PET scanning using ['®F]FACT was
performed in ten healthy controls and ten mild cognitive impairment and ten AD patients.

Results: ['®F)FACT showed high binding affinity for synthetic AB fibrils, preferential binding to
dense cored plaques in brain sections, and excellent brain uptake and rapid clearance in mice.
Injection in APP mice resulted in specific in vivo labeling of amyloid deposits in the brain. PET
scans of AD patients showed significantly higher ['®F]FACT uptake in the neocortex compared
to controls (P<0.05, Kruskal-Wallis test).

Conclusion: ['®FIFACT is a promising agent for imaging dense AB plaques in AD.

Key words: Alzheimer’s disease, Amyloid, Early diagnosis, Positron emission tomography

Introduction the exact mechanisms underlying pathogenesis of AD are
not fully understood, formation of brain amyloid plaques
through aggregation and deposition of amyloid-B protein

Izheimer’s disease (AD) is an age-dependent and  (AP)is considered to be the initial pathogenic event that may
irreversible neurodegenerative disorder leading to ~ Precede the appearance of clinical AD symptoms by

deterioration of memory and cognitive function. Although decades. Recently, new criteriafor diag@osing AD were
proposed by the National Institute on Aging—Alzheimer’s

_ Association workgroups [1]. The new diagnostic criteria
Correspondence to: Nobuyuki Okamura; e-mail: nookamura@med.tohoku.ac.jp include the use of biomarkers for amyloid deposition to aid
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in diagnosis of AD. Thus, in vivo detection of amyloid
depositions with positron emission tomography (PET) has
received much attention as a potential technology for early
or presymptomatic diagnosis of AD. For this purpose, a
number of radiotracers for AP aggregates have been
synthesized and evaluated as candidates for PET amyloid
imaging agents, and some of these are undergoing clinical
investigation [2-4].

Among them, N-methyl-[* 'C]-2-(4'-methylaminophenyl)-
6-hydroxybenzothiazole ([''C]Pittsburgh compound B,
["'CIPiB) is currently the most widely used in clinical
research [5]. Labeling of PET tracers with "“F (T),=
109.8 min) allows time for their delivery to numerous PET
centers and contributes to spreading their use. Several °F-
labeled amyloid PET tracers, including ['*F]flutemetamol,
['*Flflorbetaben, ['*Flflorbetapir, and ['°F]JAZD4694, have
been developed, and to date, ['®*F]florbetapir has become
commercially available [6-9]. An increasing number of PET
studies in humans have clearly demonstrated that amyloid
PET is a potentially useful technique to visualize and
quantify the distribution of AP plaques of AD patients [5].
In addition, a proportion of elderly normal subjects present
with [''C]PiB retention in the neocortex [10-12], suggesting
that amyloid PET is potentially useful for presymptomatic
detection of AP pathology. Although neocortical PiB
retention is considered as a high risk for future cognitive
decline, not all PiB-positive normal individuals are destined
to develop dementia. Some additional biomarkers are thus
necessary for accurate prediction of future conversion to
dementia. According to previous histopathological study,
progression to dementia is associated with a shift from non-
fibrillar to fibrillar amyloid deposits in the brain [13]. Thus,
selective detection of dense fibrillar amyloid might be
advantageous for predicting progression to dementia.

Previously, we had succeeded in developing a unique
scaffold of a radioligand, [*!C]2-(2-[2-dimethylaminothia-
zol-5-yl]ethenyl)-6-(2-[fluoro]ethoxy)benzoxazole ([''C]BF-
227), as an amyloid imaging probe [3, 14]. Our previous
study demonstrated that AP deposits in AD patients can be
clearly detected by [''C]BF-227 PET [15]. Neocortical [''C]
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BF-227 retention was further observed in subjects with mild
cognitive impairment (MCI) [16]. Using [''C]BF-227 PET,
we achieved a sensitivity of 100 % and a specificity of
71.4 % in distinguishing MCI converters to AD from MCI
non-converters [17], suggesting the usefulness of this
radiotracer for accurate prediction of future progression to
dementia. To further take advantage of this imaging
potential, especially in a large clinical study, we anticipated
that a '“F-labeled derivative of BF-227 would be valuable
due to the longer half-life of '®F compared with ''C.

In this study, we performed a biological evaluation of
a series of '®F-labeled 2-ethenyl-benzoxazole derivatives
(Fig. 1) to select a candidate for clinical application. The
one selected, ['®F]Fluorinated Amyloid Imaging Com-
pound of Tohoku University (['*F]FACT), was further
evaluated for its binding characteristics with AP fibrils
and plaques and then for its clinical utility as a probe for
imaging amyloid in AD.

Methods

Radiosynthesis of 'SF-Labeled 2-Ethenyl-
Benzoxazole Derivatives

The chemical structures of the 2-ethenyl-benzoxazole derivatives
are summarized in Fig. 1. The compounds and their precursors for
'®F.labeling were synthesized according to the method described
previously [18]. *®F-labeled compounds were prepared according to
the following method. The aqueous '*F contained in K,COj;
solution (1.27 to 3.28 GBq) and Kryptofix 2.2.2 were put into a
brown vial, and then the water was azeotropically removed with
acetonitrile by heating at 110 °C and He-gas flow. After drying, the
activated ['SFJKF/Kryptofix 2.2.2. was reacted with a tosylate
precursor in dimethyl sulfoxide (DMSO) at 110 °C for 10 min,
followed by addition of water to quench. The product was extracted
by solid-phase extraction with Sep-Pak 'C18 cartridge (Waters) and
then eluted with ethanol. The "F-labeled compound was separated
from the eluent by semi-preparative reversed-phase high-perfor-
mance liquid chromatography (RP-HPLC), isolated from the
collected fraction by solid-phase extraction with Sep-Pak 'C18
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Chemical structures of [''C]BF-227 and its '®F-labeled 2-ethenyl benzoxazole derivatives.
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cartridge, and finally dissolved in DMSO or saline with polysor-
bate-80 (<0.1 %) for biological evaluation.

[1'CIBF-227 was synthesized from the precursor by N-methyl-
ation with [1'CJmethyl triflate in DMSO and separated from the
crude mixture by semi-preparative RP-HPLC, as described previ-
ously [15]. The purified ['SFJFACT and [''C]BF-227 were
solubilized in isotonic saline containing 1 % polysorbate-80 and
5 % ascorbic acid and then filter-sterilized with 0.22 pm Millipore
filter for clinical use.

Fluorescent Staining

Postmortem brain tissue from a 69-year-old man with autopsy-
confirmed AD was obtained from Fukushimura Hospital (Toyoha-
shi, Japan). Experiments were performed under the regulations of
the hospital ethics committee. Serial sections (6 um) taken from
paraffin-embedded blocks of the temporal cortex were prepared in
xylene and ethanol. Before staining with test compounds, quench-
ing of autofluorescence was performed. The quenched tissue
section was immersed in 100 pM of test compounds containing
50 % ethanol for 10 min. The stained section was then dipped
briefly into water before coverslipping with FluorSave Reagent
(Calbiochem, La Jolla, CA, USA) and examination using an
Eclipse E800 microscope (Nikon, Tokyo, Japan) equipped with a
V-2A filter set (excitation 380 to 420 nm, dichroic mirror 430 nm,
long pass filter 450 nm). An adjacent section was immunostained
using 4G8 (Signet, Dedham, MA, USA), a monoclonal antibody
against AB. After pretreatment with 90 % formic acid for 5 min,
sections were immersed in blocking solution for 30 min and then
incubated for 60 min at 37 °C with 4GS at a dilution of 1:100. After
incubation, sections were processed with biotinylated anti-mouse
IgG (Wako) for 60 min, followed by Texas Red-conjugated
streptavidin (Vector Laboratories, Burlingame, CA, USA).

In Vitro Autoradiography

A temporal brain section from a 76-year-old female AD patient was
incubated with 1.85 MBq/ml of ['F]JFACT at room temperature for
20 min and then washed briefly with water and 70 % ethanol. After
drying, the labeled section was exposed to a BAS-III imaging plate
(Fuji Film, Tokyo, Japan) for 120 min. Autoradiograms were
obtained using a BAS-5000 phosphor imaging instrument (Fuji
Film, Tokyo, Japan). Neighboring sections were immunostained
using 4G8 anti-AB monoclonal antibody. After incubation with
4G8, sections were processed by the avidin—biotin method using a
Pathostain ABC-POD(M) Kit (Wako, Osaka, Japan) and diamino-
benzidine tetrahydrochloride.

In Vitro Binding Study

Amyloid Bjao (Peptide Institute, Inc., Japan) was dissolved in
50 mM potassium phosphate buffer (pH 7.4) to a final concentra-
tion of 20 uM. To prepare amyloid fibrils, the solution was
incubated at 37 °C for 4 days at 85 rpm and then sonicated to
obtain a uniform suspension. The fibril solution was diluted to
2 puM with phosphate-buffered saline (PBS) containing 0.1 %
bovine serum albumin (BSA). For saturation binding assay, 100 ul
of the fibril solution was mixed with ['*FJFACT solution (0.2 to
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800 nM, PBS containing 0.1 % BSA and 2 % DMSO, 100 ul) in a
96-well plate. Non-specific binding was defined in the presence of
2 pM FACT in the final solution. The mixture was incubated for
40 min at room temperature and then was passed through the glass
filter plate under vacuum with MultiScreen HTS Vacuum Manifold
(Millipore Corp., USA), followed by washing with PBS containing
0.1 % BSA twice. Radioactivity of the filter was counted with an
automatic gamma counter. The binding data were analyzed with
curve-fitting software that calculates the Ky and B, using non-
linear regression (GraphPad Prism Version 5.0, GraphPad Soft-
ware, San Diego, CA, USA).

Biodistribution Study in Normal Mice

The experimental protocols were reviewed by the Committee on the
Ethics of Animal Experiments at Tohoku University School of
Medicine and performed in accordance with the Guidelines for
Animal Experiments issued by the Tohoku University School of
Medicine. Male Crj:CD-1 (ICR) mice (6 weeks old, 25 to 30 g, n=12)
were injected in a lateral tail vein with '*F-labeled test compounds
(370 to 740 kBq) contained in isotonic saline (0.2 ml). The mice were
sacrificed by cervical dislocation following heart puncture to obtain
blood samples at 2, 30, and 60 min postinjection (n=4 at each
time point). Tissues of interest were excised and weighed, and
the radioactivity was counted in an automatic gamma-counter.
Radioactivity uptake data are expressed as percent of injected dose
per gram of tissue (%ID/g).

Autoradiography of Af Deposits in Living
Transgenic Mice

An amyloid precursor protein (APP) transgenic (Tg) mouse
(female, 31 months old) and a wild-type littermate (female,
31 months old) were injected with ['SFJFACT (37 MBq) via
tail vein. The mice were sacrificed by cervical dislocation at
2 h postinjection, and the brains were rapidly excised and
frozen in liquid nitrogen. Frozen sections of 20 pm thick were
prepared from the brains for ex vivo autoradiography. Auto-
radiograms were obtained in the same manner described above.
The sections used for autoradiography were then subjected to
fluorescent staining with thioflavin-S according to the previ-
ously described method [19].

Clinical PET Study Using ["*F]JFACT

Ten patients with amnestic MCI, ten patients with AD, and ten
normal age-matched controls participated in the clinical PET study
using ['®F]JFACT. Please refer to Table 1 for characteristics of
participants. [''CJBF-227 PET scan was additionally performed in
two patients with AD (70-year-old woman (MMSE score 17) and
79-year-old man (MMSE score 20)) and 1 normal control subject
(60-year-old man (MMSE score 30)). The average time interval
between ['SFIFACT and [*'C]BF-227 PET scans was 12+6 months.
Diagnosis of probable AD was based on criteria from the National
Institute of Neurological and Communicative Disorders and Stroke
and the Alzheimer’s Disease Related Disorders Association [20].
The diagnosis of ammestic MCI was made according to published
criteria described previously [21]. The control subjects were
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Table 1. Subject and patient demographics in ['*F]JFACT PET comparisons

NC MC1 AD
N 10 10 10
Gender (F/M) 46 73 /3

Age (years)
MMSE score

69.8+8.8 (60-89)
29.90.3 (29-30)

74.2:8.8 (57-89)
26411 (24-28)

74.5+4.6 (66-81)
19.8+3.0 (15-24)

recruited from volunteers who were taking no centrally acting
medications, had no cognitive impairment, and had no cerebrovas-
cular lesions, including asymptomatic cerebral infarction on T2-
weighted studies, identified vie MRI. All volunteers were screened
using a questionnaire and medical history, and those with medical
conditions potentially affecting the central nervous system were
excluded. The Committee on Clinical Investigation at Tohoku
University School of Medicine and the Advisory Committee on
Radioactive Substances at Tohoku University approved the study
protocol. After complete description of the study to the patients and
subjects, written informed consent was obtained.

Image Acquisition Protocols

["*FIFACT-PET and [''CIBF-227-PET study was performed using
a SET-2400W PET scanner (Shimadzu, Kyoto, Japan). After
intravenous injection of 111-185 MBq of ['*FIFACT or 211-
366 MBq of [''C|BF-227, dynamic PET images were obtained for
60 min (23 sequential scans; 5 scans»30 s, 5 scans>60 s, 5 scans X
150 s, and 8 scans=300 s) with the subject’s eyes closed. SUV
summation images at 0-10, 10-20, 20-30, 30-40, 40-50, and 50~
60 min postinjection were created for the analysis of tracer uptake.
T1-weighted MR images were obtained using a SIGNA 1.5 T
machine (General Electric, Milwaukee, W1, USA).

Image Analysis

Firstly, standardized uptake value (SUV) images of ['*F]JFACT and
[*'CIBF-227 were obtained by normalizing tissue radioactivity
concentration by injected dose and body weight. Subsequently,
individual MR images were anatomically coregistered into individ-
ual PET images using Statistical Parametric Mapping software
(SPM5: Welcome Department, UK). Regions of interest (ROISs)
were placed on individual axial MR images in the cerebellar
hemisphere, frontal cortex [Brodmann’s areas (BA) 8, 9, 10, 44, 45,
46, and 47], lateral temporal cortex (BA 21, 22, 37, and 38),
parietal cortex (BA 39 and 40), occipital cortex (BA 17), anterior
cingulate cortex, posterior cingulate cortex, medial temporal cortex
(BA 27, 28, 34, and 35), striatum, pons, and subcortical white
matter, as described previously [15]. The ROI information was then
copied onto dynamic PET SUV images, and regional SUVs were
sampled using PMOD software (PMOD Technologies, Ltd.,
Zurich, Switzerland). The ratio of regional SUV to cerebellar
SUV (SUVR) was calculated as an index of tracer retention.
Averaged SUVR in the frontal, temporal, parietal, and posterior
cingulate cortices was considered representative of tracer retention
in the neocortex (neocortical SUVR). The inter-rater reliability for
the ROI measurement was tested between two raters (N.O. and
K.8.) in seven subjects and patients. The intra-class correlation
coefficient was 0.95.

Statistical Analysis

For statistical comparison in the three groups, we applied the
Kruskal-Wallis test followed by Dunn’s multiple comparison test.
Differences of time activity curves (TACs) in [**FJFACT PET were
also evaluated by repeated measures ANOVA followed by the
Bonferroni-Dunn post hoc test. For statistical comparisons of PET
measurements in control and AD groups, we used the Mann—
Whitney U test. Effect size coefficients (Cohen’s d) were also
calculated for the evaluation of group differences in PET measure-
ments. Statistical significance for each analysis was defined as P<
0.05. Correlations between ['*FJFACT and [''C]BF-227 SUVR in
the frontal, temporal, parietal, and occipital cortices of three
subjects (two AD and one normal control) were determined using
Pearson’s correlations. A linear model was applied to the data to
obtain a correlation coefficient and p value. These analyses were
performed using GraphPad Prism5 software (GraphPad, San Diego,
CA, USA).

Results
Radiosynthesis

BF_labeled 2-ethenyl-benzoxazole derivatives (Fig. 1) were
obtained in yields of 32 % on average (21 to 44 %, decay-
corrected) with radiochemical purity greater than 99 % after
HPLC purification. The specific activities ranged 70 to
180 GBg/umol, corrected at the end of synthesis.

In Vitro Binding to AP Plaques in AD Brain
Sections

Binding ability of 2-ethenyl-benzoxazole derivatives to AP
plaques was examined using AD brain sections from a 69-
year-old man with autopsy-confirmed AD. As shown in
Fig. 2a, ¢, dense cored plaques (arrowheads) were clearly
stained with FACT. In particular, AP plaque cores were
brightly stained with this compound. The fluorescent
staining pattern of FACT correlated well with A immu-
nostaining (Fig. 2b) and thioflavin-S staining (Fig. 2d) in
adjacent sections. Other compounds produced similar results
in the histopathological staining of AD brain sections from a
69-year-old man with autopsy-confirmed AD.

In vitro autoradiography at tracer dose indicated ['°F]
FACT binding to dense AP deposits (arrowheads) in AD
temporal brain sections from a 76-year-old female AD
patient (Fig. 2e—h). Tracer signals were additionally detected
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in congophilic amyloid angiopathy (arrows). These results
indicated that FACT and its derivatives had an ability to
detect pathological dense AP deposits in AD brain tissue.

Binding Affinity to Synthetic Ap Fibrils

Binding properties of ['’FIFACT with AB fibrils were
investigated by in vitro binding assay. Scatchard analysis
of FACT binding to AP fibrils showed two classes of
binding sites: a high-affinity site (K4=9.4 nM; Bp.x=
0.16 pmol/nmol of AP) and a low-affinity site (Kyq=
263 nM; B.x=1.52 pmol/nmol of AB).

Biodistribution Study in Normal Mice

Two important properties of an amyloid imaging probe are
rapid brain uptake and rapid clearance from the normal brain
without non-specific binding. These properties of the '°F-
labeled 2-ethenyl-benzoxazole derivatives were evaluated by
biodistribution studies in 12 normal mice (n=4 at each time
point). The radioactivity uptake in the blood, brain, liver,
kidney, and bone is summarized in Table 2. Regarding brain
uptake, all of the '®F-labeled derivatives showed rapid and
sufficient brain uptake (4 to 6 %ID/g at 2 min) and smooth
washout after that. However, the brain uptake at 60 min varied
from 0.28 to 1.68 %ID/g, suggesting a different clearance
property in normal brain. Among the derivatives, ['*F]FACT
indicated the highest ratio of brain uptakes at 2 min to that at

Fig. 2. a—d Fluorescence microscopy images of AD brain sections from a 69-year-old man with autopsy-confirmed AD stained
with FACT (a, c), anti-AB (4 G8) antibody (b), and thioflavin-S (d). Arrowheads delineate dense cored plaques, respectively. e—
h Autoradiogram of AD brain section from a 76-year-old female AD patient with ['®F]FACT (e, g) and images of the adjacent
section immunostained with anti-AB (4 G8) antibody (f, h). Arrows and arrowheads delineate congophilic amyloid angiopathy
and dense cored plaques, respectively. Bars 100 pm (a—d), 2 mm (e—f), 200 ym (g-h).

60 min (4.64/0.28=16.6). Additionally, mice injected with
['®F]JFACT exhibited no increase of the radioactivity uptake in
bone with time, unlike with ['*F]BF-227, suggesting that ['°F]
FACT has good stability in regard to metabolic defluorination
in vivo. Thus, we selected ['*F]JFACT as the candidate for the
clinical comparisons.

Autoradiography of A Deposits in Living
Transgenic Mouse

In vivo binding ability of ['*FJFACT with amyloid plaques
was evaluated in the APP-Tg mouse. Autoradiographic
images of the APP-Tg mouse brain post-intravenous
injection of ["®FJFACT displayed high uptake of the labeling
compound in the cortex and hippocampus (Fig. 3a). In
contrast, no notable binding was observed in the brain of
wild-type mouse (Fig. 3b). These ['*F]FACT binding results
in APP-Tg mouse brain corresponded closely with those of
in vitro thioflavin-S staining in the same brain sections
(Fig. 3c, d). These results warranted further clinical
investigation of ['*FJFACT PET in AD patients.

Clinical PET Study Using [1*F]JFACT

Demographic data for the participants are summarized in
Table 1. No statistical difference in age was observed among
the three groups. MCI and AD patients had significantly
lower mean MMSE scores than normal controls (P<0.05,
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Table 2. Biodistribution of '*F-labeled compounds in mice

Tracers Time (min) Radioactivity uptakes (%ID/g)
Blood Brain Liver Kidney Bone
["*FIBF-227 2 2.93+0.08 6.05%0.45 7.97£1.59 9.63+0.89 1.59+0.27
30 2.14+0.17 1.91+0.05 5.75+£0.42 3.04+0.15 4.38+1.24
60 2.09+0.15 1.67+0.14 5.48+0.23 2.42+0.20 7.04+0.75
["*F]THK-525 2 2.82+0.38 4.73%£1.32 5.93+1.40 7.72+2.44 1.77+0.87
30 2.20+0.24 2.05+0.16 3.55+0.60 2.32+0.18 6.74+2.20
60 1.91£0.29 1.68+0.15 2.47+0.23 1.48+0.14 9.65+0.89
["*F]THK-702 2 3.34+0.13 4.15%0.28 7.53+0.50 13.6+0.88 1.95+0.34
30 1,06+0.19 0.53+0.03 4.55+0.39 1.58+0.64 0.92+0.11
60 0.67+0.08 0.35+0.04 3.65+0.72 0.65+0.09 1.16+0.70
["*FJTHK-727 2 2.94+0.33 4.060.26 9.89+4.16 11.4£1.35 2.08+0.39
30 1.52+0.10 1.04£0.08 6.68+1.22 2.47+0.36 6.61+0.79
60 0.66+0.10 0.69+0.02 4.04x1.87 0.98+0.14 9.33+1.34
["*FIFACT 2 3.65+0.66 4.64+0.55 9.38+0.43 10.2+1.05 1.84+0.18
30 1.19+0.49 0.53+0.11 11.3£1.32 4.17+0.44 0.88+0.07
60 0.64+0.13 0.28+0.04 14.1+0.55 3.25+0.27 1.38+0.46

Data are expressed as mean+SD (n=4 at each time point)

Kruskal-Wallis test). AD patients additionally had signifi-
cantly lower mean MMSE scores than those with MCI (P<
0.05, Kruskal-Wallis test). No toxic events were observed in
the current clinical trial. The SUV-TACs from ['*F]JFACT-
PET in AD patients and normal control subjects are shown
in Fig. 4. Both groups showed rapid entry of ['*F]JFACT into
the neocortex and cerebellum. In the AD patients, the
temporal cortex, known to contain high concentrations of
fibrillar amyloid plaques in AD, showed retention of ['*F]
FACT during the later time points compared with the
cerebellum (Fig. 4a). In contrast, TACs in the temporal
cortex and the cerebellum were nearly identical in normal
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subjects (Fig. 4b). The subcortical white matter regions
showed relatively lower entry and slower clearance than
gray matter areas, but no difference in TACs between AD
patients and normal controls.

SUVR in the lateral temporal cortex of AD patients was
significantly higher over 10 min postinjection of ['*FJFACT
than those of normal controls (p<0.05, Mann—Whitney U
test) and reached maximum value at 30 to 40 min
postinjection (Fig. 4c). Effect size between AD and normal
controls showed the highest value at 30 to 40 min
postinjection of ['*FJFACT (Table 3). The ratio of SUVR
in AD to SUVR in normal controls became constant after

Fig. 3. Ex vivo autoradiograms of brain sections from APP transgenic (Tg) mouse (a) and wild type mouse (b). The brains were
excised at 2 h after intravenous injection of ['®F]FACT. AR plaques in APP-Tg mouse brain were clearly stained with thioflavin-S

(c). A merged image of a and ¢ is shown in d.
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Fig. 4. Time activity data for ['®F]FACT PET in humans. Time activity curves of ['®F]FACT in ten AD patients (a) and ten normal
controls (b) are shown. Each point represents the mean=standard deviations of data. Time course of ["®FJFACT SUVR in the
lateral temporal cortex (¢) and AD vs normal ratio of SUVR in the lateral temporal cortex (d) are also shown. *P<0.05 by the

Mann—-Whitney U test.

30 min (Fig. 4d). Based on these results, we selected
summed dynamic images from 30 to 40 min for the ROI
analysis of PET data.

SUVR images of ['*FJFACT for a normal control subject
(a 60-year-old man, MMSE score 30) and an AD patient
(70-year-old woman, MMSE score 17) are shown in Fig. Sa.
Cortical retention of ['*F]JFACT at 30 to 40 min postinjec-
tion was evident in the AD patient, as contrasted with the

Table 3. Time course of lateral temporal ['*FJFACT SUVR and effect size
measures in ten normal controls and ten AD patients

Time (min) Normal control AD Cohen’s d
30-40 1.07+0.06 1.22+0.05% 2.67
40-50 1.08+0.06 1.23+0.06* 2.37
50-60 1.09+0.06 1.23%0.06* 2.34

#P<(.05 by the Mann—~Whitney U test

images of the normal control subject. This pattern of distribution
was consistent with the distribution of [!'CJBF-227 at 30 to
40 min postinjection in the same subject and patient pair
(Fig. 5a). The SUV-TACs from ['*FJFACT-PET were com-
pared with those from [''C]BF227-PET in the same AD patient
(70-year-old woman, MMSE score 17). As shown in Fig. 5b,
['|FJFACT showed faster washout from both temporal cortex
and cerebellum than [''C]BF-227. The regional SUVR of ['*F]
FACT at 30 to 40 min postinjection was compared with that of
[''C]BF-227 at the same time frame. SUVR values in the
frontal, temporal, parietal, and occipital cortices of three subjects
(two AD and one normal control) were used for this analysis. As
shown in Fig. 5c, regional SUVR of ['*FJFACT were
significantly correlated with that of [''C]BF-227 (Pearson’s r=
0.931, P<0.001) in these three subjects.

In the quantitative comparison of regional SUVR 30 to
40 min post-administration, the values for the frontal, lateral



504

[8F]FACT

3.0 ~-@--Temporal (BF-227)
-~~~ Cerebellum (BF-227)
25 w O Temporal (FACT)
W ~0— Cerebellum (FACT)
NS
2.0 e, 1_‘
“m -
= 1.5
1.0 4
0.5 4
0.0 v v "
0 20 40 60
Time (min)

["CIBF227 SUVR

S. Furumoto et al.: Novel PET Tracer for Dense Amyloid Plaques

[1"C]BF-227

normal
control

144 r=0.931 ®
p <0.001
1.3 4 ’
L
1.2 1 v
o o

1.1 s .

14 ° o.
0.9 . Y : T -

0.9 1 1:1 12 1.3 1.4

['8FJFACT SUVR

Fig. 5. a SUVR images (30 to 40 min postinjection) of ['"®FIFACT and [''C]BF-227 for a normal control subject (60-year-old
man, MMSE score 30) and an AD patient (70-year-old woman, MMSE score 17). b Time activity curves of ['®FJFACT and [''C]
BF-227 in an AD patient (70-year-old woman, MMSE score 17). ¢ Significant correlation between regional SUVR of ['®F]FACT
and ["'C]BF-227 in two AD (70-year-old woman (MMSE score 17) and 79-year-old man (MMSE score 20)) and one normal
control (60-year-old man, MMSE score 30) subjects (Pearson’s r=0.931, P<0.001).

temporal, parietal, occipital, and anterior and posterior
cingulate cortices were significantly greater in AD patients
than in the normal controls (Table 4). In addition, the
SUVRs for the lateral temporal, parietal, occipital, and
anterior and posterior cingulate cortices were significantly
greater in AD patients than in those with MCI. As shown in

Fig. 6, averaged neocortical SUVR was also significantly
greater in AD patients than in normal control subjects and
MCTI (P<0.05, Kruskal-Wallis test). MCI patients addition-
ally showed significantly greater SUVR in the lateral
temporal and frontal cortices than normal subjects, but not
significant in other brain regions (P<0.05, Kruskal-Wallis

Table 4. Regional SUVR (30 to 40 min postinjection) and effect size measures of ['*FJFACT in ten normal controls and ten MCI and ten AD patients

Normal control MCI AD Cohen’s d NC vs. AD
Frontal 1.00+0.10 1.09+0.04* 1.15+0.06* 1.82
Lateral temporal 1.05+0.08 1.13+0.06* 1.21::0.05%** 2.40
Parietal 1.07+0.07 1.13+0.07 1.21::0.08%%** 1.86
Occipital 1.09+0.08 1.07+0.06 1.17£0.05%%* 1.20
Anterior cingulate 1.08+0.07 1.12+0.08 1:21:£0.08%*% 1.73
Posterior cingulate 1.15+£0.07 1.17+0.06 1.304£0.07%%* 2.14
Medial temporal 1.10+0.05 1.13+£0.04 1.15+0.09 0.69
Striatum 1.31+0.11 1.30+0.06 1.35+0.12 0.35
Pons 1.55+0.15 1.57+0.10 1.54+0.09 0.08
White matter 1.50+0.21 1.47£0.11 1:52+0.13 0.12
Neocortex 1.04+0.07 1.12£0.05 119005 %% 2.47

*P<0.05 (vs normal control group) and **P<0.05 (vs MCI group) by the Kruskal-Wallis test followed by Dunn’s multiple comparison test
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Fig. 6. Comparison of neocortical SUVR of ['®FIFACT
among ten aged normal controls (NC) and ten mild cognitive
impairment (MCI) and ten AD patients. The neocortical
SUVRs are represented in a box and whisker plot. *P<0.05
by the Kruskal-Wallis test followed by Dunn’s multiple
comparison test.

test). The SUVR in the medial temporal cortex and striatum
showed the tendency to be greater in AD patients, but this
was not significant. The SUVR in the pons and white matter
was nearly identical in AD, MCI, and normal subjects.
Effect size value between AD and aged normal subjects was
the highest in the lateral temporal cortex (2.40), followed by
the posterior cingulate (2.14), parietal (1.86), frontal (1.82),
and anterior cingulate (1.73) and occipital (1.20) cortices
(Table 4).

Discussion

The current study demonstrated that ['*FJFACT PET can be
used to detect AD pathology in AD patients and to confirm
its absence in cognitively unimpaired elderly people. We
previously reported the ability of [''C]BF-227-PET to detect
AP deposits in the brains of AD patients [15]. The current
study has further demonstrated the binding preference of
[**FJFACT to dense AP plaques in the brains of AD patients.
A similar pattern of tracer distribution was observed between
['F]JFACT and [''C]BF-227 in AD patients, indicating that
['*FJFACT-PET could be substituted for [''C]BF-227-PET
for noninvasive detection of dense AP deposits in the brain
of AD patients. The correlation of ['|FIFACT uptake in vivo
and brain pathology at autopsy should be examined in the
future. Our previous studies demonstrated the unique ability
of ["'C]BF-227 to detect certain forms of prion and o-
synuclein protein deposits [22, 23]. Further study will be
required to validate the practical usefulness of ['*F]JFACT-
PET for noninvasive detection of these protein deposits.

When a neocortical ['*FJFACT SUVR of 1.145 (1.5 SD
above control mean) was used as a cutoff, ['*FJFACT-PET
scan achieved a sensitivity of 90 % (nine of ten) and a
specificity of 100 % (ten of ten) in the discrimination
between AD patients and normal subjects. In one exception,
a 76-year-old female AD patient, MMSE score 24, showed
no remarkable retention of ['SFJFACT in the neocortex. This
is not surprising because approximately 10 to 20 % of
patients diagnosed as probable AD reportedly fail to meet
pathological criteria for AD at autopsy.

The amnestic subtype of MCI has a high risk of
progression to dementia, and it may constitute a
prodromal stage of AD ([24]. Previous amyloid-PET
studies demonstrated a substantial amount of neocortical
tracer retention in 50 to 60 % of the MCI population,
which is comparable to the level in AD patients [10, 17].
In our study, about half of the MCI patients had elevated
neocortical ['®FJFACT retention, which was an interme-
diate level between the aged normal subjects and the AD
patients. This finding is in accord with the previous
neuropathological observation that the density of neuritic
plaque increased as a function of increasing dementia
severity [25]. The parent tracer [''C]BF-227 showed
neocortical retention to be a reliable indicator of disease
progression in MCI subjects in our previous study [17,
19]. Therefore, PET imaging with ['FJFACT is also
expected to have a similar prognostic utility.

The amount of elevation of neocortical ['*FJFACT
uptake in AD patients was approximately 14 to 15 %, far
less than PiB and other 'SF-labeled amyloid-PET tracers.
This is probably due to the relatively low binding affinity
and By, of this tracer with amyloid fibrils in comparison to
that of PiB (Kg=1.02 nM, B,,,,=0.61) [26, 27]. There is
considerable amount of tracer retention in the white matter,
which reflects non-specific binding of the compound to
myelin sheath. Because of modest specific binding of ['*F]
FACT in the gray matter of AD patients, spillover from the
white matter could reduce the sensitivity for detecting
amyloid positive subjects. Use of early phase (30 to
40 min postinjection) images can compensate for this
because the relatively stronger signals in the gray matter
persist in this time interval. Partial volume correction may
also be able to improve the discriminatory power of ['$F]
FACT-PET by eliminating nonspecific signals in the white
matter. Another method to improve the sensitivity for
detecting specific signals in the brain is to create a statistical
map by comparison with a normal control database [19].

One of advantages of ['SFJFACT over BF-227 is its
rapid kinetic profile. ['FJFACT showed faster washout
from normal brain tissue than BF-227 (Fig. 5) probably
because of the lower lipophilicity of FACT (LogP=1.99+
0.02) as compared to BF-227 (LogP=2.29+0.02). The
neocortical SUVR of ["®F]JFACT reached a peak at
30 min post-administration. This characteristic would also
contribute to reduced procedure and waiting times for
PET scans.
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Conclusion

We successfully developed a novel '*F-labeled ethenyl-
benzoxazole derivative, ['*FIFACT, as a PET tracer for
amyloid deposits. This tracer preferentially bound to dense
AP plaques in AD brain sections, visualized cortical amyloid
deposits in APP Tg mice, and demonstrated fast kinetics and
significant retention of ['*FJFACT in sites with predilection
for the deposition of dense amyloid plaques in AD patients
during clinical PET imaging. ['*FJFACT PET distinctly
distinguished AD patients from normal individuals. These
findings suggest that ['**FJFACT may be usable for in vivo
detection of dense AP plaques in AD brains.
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Abstract

was investigated in humans.

Background: The biodistribution and radiation dosimetry of the '®F-labelled amyloid imaging probe (['®F] FACT)

Methods: Six healthy subjects (three males and three females) were enrolled in this study. An average of 160.8
MBq of ['®F] FACT was intravenously administered, and then a series of whole-body PET scans were performed.
Nineteen male and 20 female source organs, and the remainder of the body, were studied to estimate
time-integrated activity coefficients. The mean absorbed dose in each target organ and the effective dose were
estimated from the time-integrated activity coefficients in the source organs. Biodistribution data from ['®F] FACT in
mice were also used to estimate absorbed doses and the effective dose in human subjects; this was compared
with doses of ['®F] FACT estimated from human PET data.

Results: The highest mean absorbed doses estimated using human PET data were observed in the gallbladder
(333 £ 251 pGy/MBq), liver (77.5 £ 14.5 uGy/MBgq), small intestine (33.6 + 30.7 uGy/MBq), upper large intestine

(29.8 + 15.0 uGy/MBq) and lower large intestine (25.2 + 12.6 pGy/MBQq). The average effective dose estimated from
human PET data was 18.6 £ 3.74 pSv/MBg. The highest mean absorbed dose value estimated from the mouse data
was observed in the small intestine (38.5 pGy/MBq), liver (25.5 uGy/MBq) and urinary bladder wall (43.1 uGy/MBq).
The effective dose estimated from the mouse data was 14.8 uSv/MBq for ['®F] FACT.

Conclusions: The estimated effective dose from the human PET data indicated that the ['®F] FACT PET study was

acceptable for clinical purposes.

Keywords: Positron emission tomography, Radiation dosimetry, Amyloid imaging, MIRD, ['®F] FACT

Background

Amyloid beta imaging

Deposits of amyloid B (AB) plaque are one of the patho-
logical observations in patients with Alzheimer's disease
(AD); AP deposition progresses at an earlier point than
the current clinical diagnostic point for this disease [1].
For earlier diagnosis of AD and the evaluation of treat-
ment efficacy, in vivo amyloid imaging using positron
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emission tomography (PET), which provides quantita-
tion and visualisation of AP deposition in the brain, is
useful. Therefore, several AB-binding probes dedicated
for PET imaging have been developed [2,3].

Most of these PET AP ligands are ''C-labelled com-
pounds (physical half life (77,5), 20 min), and I8F_labelled
agents are being increasingly investigated owing to their
long half life (77,5, 109.7 min). The long T, of 18F enables
several PET scans to be carried out from a single synthesis
of labelled agent and also enables its commercial distribu-
tion to any PET facility. On the other hand, the longer the
T1/, of the radioisotope gets, the greater is the radiation

© 2013 Shidahara et al; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly cited.
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dose exposure for the PET subject for the same adminis-
tered dose of radioligand.

Importance of radiation dosimetry
For subjects undergoing PET, internal radiation exposure
is inevitable, and the radiation dose delivered is pro-
portional to the level of radioactivity of the injected
radioligand and the number of injections. In the case of
amyloid imaging, subjects often have multiple PET scans
for diagnostic or therapeutic longitudinal monitoring of
Ap aggregation in the brain. Therefore, estimation of the
radiation dose exposure from each PET radioligand and
the use of well-balanced PET scan protocols taking into
consideration subject risk and benefit are important.
Estimation of the internal radiation dose requires a time
series measurement of the biodistribution of the injected
radioligand. There are two ways to establish the bio-
distribution of a radioligand in humans: one is to extrapo-
late from data obtained in animal experiments [4] and the
other is to use data from a clinical whole-body PET study
[5]. Data extrapolated from animal experiments have been
used to estimate clinical radiation dose. However, Sakata
et al. reported that in some radioligands, there were con-
siderable differences in organ dose or kinetics between
human and animal experiments and that a whole-body
PET study would be desirable for the initial clinical evalu-
ation of new PET radioligands [6].

Previous biodistribution and dosimetry study for PET
amyloid imaging

Recently, radiation dose exposures from several PET amyl-
oid imaging agents have been reported using clinical
whole-body PET scans. One of the popular amyloid li-
gands, Pittsburgh compound B ([*'C]PIB), has been exten-
sively investigated with regard to its kinetics in the human
body, and its effective radiation dose was found to be 4.74
uSv/MBq on average [7). For '°F-labelled PET amyloid
radioligands, effective doses in humans have been reported
as follows: '®F-AV-45, 13 and 19.3 pSv/MBq [8,9%
18E_GE067, 33.8 uSv/MBq [10]; and *E-BAY94-9172, 14.7
pSv/MBq [11].

Aim of the present study

Fluorinated amyloid imaging compound (['*FJFACT) is
an '®F-labelled amyloid imaging agent developed at
Tohoku University [12]. Kudo and colleagues at this uni-
versity have previously developed a **C amyloid imaging
agent named ['C]BF-227 [3]. ["*F]JFACT is derived from
["'C]BE-227 by reducing its lipophilicity in order to re-
duce the nonspecific binding in the brain; AD patients
showed significantly higher uptake of [**FJFACT in the
neocortex region relative to controls [12]. However, the
biodistribution of [**FJFACT in humans has not yet been
investigated.
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In the present study, the radiation dosimetry and
biodistribution of ['**FJFACT was investigated in healthy
elderly subjects who are the target group for PET amyl-
oid imaging. In order to determine the discrepancy in
the estimated radiation dose between human and animal
experiments, biodistribution studies in mice involving
[**FJFACT were also conducted.

Methods

Subjects

PET studies were performed in three healthy male and
in three healthy female volunteers (mean age * standard
deviation (SD), 76.3 £ 3.2 years). Subject characteristics
are shown in Table 1. Both height and weight varied
over a wide range (146 to 175 cm and 39 to 74 kg, re-
spectively). All subjects were Japanese and were free of
somatic and neuropsychiatric illness, as determined by
clinical history and physical examination; one male sub-
ject (no. 1) had undergone a previous surgical operation
involving gallbladder removal.

This study was approved by the Ethics Committee on
Clinical Investigations of Tohoku University School of
Medicine and was performed in accordance with the
Declaration of Helsinki. Written informed consent was
obtained from all subjects after a complete description
of the study had been made.

Radiochemistry and radioligand purity

Figure 1 shows the chemical structure of **F-FACT. The
radiochemical purity of the radioligand in the present
clinical study ranged from 97.8% to 98.7% (mean + SD,
98.33 + 0.42%). The specific radioactivity ranged from
30.6 to 347.7 GBq/umol at the time of injection (mean *
SD, 139.9 + 116.2 GBq/pumol).

PET study

All whole-body PET studies were performed using a
SET-2400W scanner (Shimadzu Inc., Kyoto, Japan) in
two-dimensional (2D) mode [13]. The PET scanner ac-
quired 63 image slices at a centre-to-centre interval of
3.125 mm and had a spatial resolution of 3.9 mm full
width at half maximum (FWHM) and a Z-axis reso-
lution of 6.5 mm FWHM at centre field of view [13].

An overview of scan protocols is shown in Figure 2.
Four emission scans and two transmission scans (before
administration and intermediate emission scans) using
a %Ge/*®*Ga source were performed, with the exception
of subject no. 1 who had three emission scans. In the
present series of PET studies and in other research pro-
jects, a 15-min PET brain scan using three-dimensional
(3D) mode was performed after the first emission scan.
At 2 min after intravenous administration of 142 to 180
MBq [**F]JFACT (mean + SD, 160.8 + 14.8 MBq; injec-
tion mass, 0.77 + 0.66 ng), a series of whole-body PET



