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Abstract

Background: Visualization of pathogenic protein aggregasesrucial to elucidate
pathomechanisms amo make accurate diagnogsismany neurodegenerative conditions.
Aggregate®f the microtubule-binding proteirad, areone of the most important pathogenic
moleculessin'neurodegenerative disorders. Progressive supranucleaP8&)sy (
characterizedby the deposition of tau proteimssome specific area suchtas basal ganglia
and thebrainstemWe tried to detect tau lesions in the brains of the living patients with PSP

with a novel PET tracer§F]THK-5351, which we recently developed.
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Methods: Paraffinrembedded brain sectiongthe PSP patientere usedor autoradiography
with [*H]THK-5351 and immunohistochemistiyine healthy controls (HCs}hirteen
patients with AD and three patients with PSP participated in B3 studywith
[**F]THK-5351.To detecamyloidp deposition, PET imaging with Pittsburgh compound B
(PIB) was also_performed.

Results Autoradiography in the brain sectioofspatients with PSP demonstrated

[*H]THK -5351hinding to tau deposits with a high selectivity. AlthoB§Ppatients
exhibitedno fémarkabl¢*®F]THK-5351retention in the temporabrtex significantly higher
tracerretention was observed the globugallidus andmidbrain In contrastamyloid
imaging with BB, showed no remarkable accumulation in the cerebral cortex of PSP.
Conclusions®™We"conclude thatfF]THK-5351 PET can potentially be usedietectthe
regional brain distribution of tau lesions in P&refore facilitatinghedifferential

diagnosis of neurodegenerative disordessociated with tau protein

| ntrodugtion

Tau is a microtubule-binding protein that has been reported to be a key molecule in
the pathogenesis of several neurodegenerative disorders causing d&mentia
Neurodegenerativéisorders in whictiauis depositedn the brain are calletlauopathies®.
Different morphologies of taaggregates are obseryéucluding neurofibrillary tangles
(NFTs), tufted-astrocytes (TAs), coiled bodies (CBs), and tBr€Et) pathologh”.
Alzheimer’s disease (AD) is the mgsevalent tauopathyyhile all theotherones are
grouped as “non-AD tauoffaes” Senileplaques and neurofibrillary tangles formedn
amyloid 3 peptide (43) and tau, respectively, atlee majorneuropathological hallmarks of
AD®. To elucidate theeurodegenerative mechanisms, imaging techndiagybeen
developedo identifythesemisfolded and aggregated proteingiving patientsFor over a

decade now, PET imaging halfowedvisualization of amyloid plaguesith AB-PET tracers
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such adittsburgh Compound B (B) among others. Recently, severahuimaging
radicracershave been developed and used in clinical sttidiesloreover, we have recently
developed a novel PETacer, {®F]THK-5351, whichcandetect tau pathology in living
patients with AD with a high degree sénsitivity and specificity.

Progressivesupranuclear palsy (PSRharacterized by deposition ofdpeai4R)
tau isoforms imeuronal angjlial inclusions in PSP, is one of the most common n@d
tauopathiesmanifesing as cognitive impairment, parkinsonism, gait instability, and
disturbance of vertical eye movem&htPostmortem studies in PSP revealed that the
subthalamiemnucleusyidbrain and globus pallidus are the regionsvdtau depositgre
most frequently observéd Clinically, PSPis dividedinto three categorie@.e., classic
Richardson’s'syndrome [RS], PSP-parkinsonism [PERnd pure akinesia with gait
freezing [PAGF]}>. Molecular imaging studies to detect f@athology, however, have rarely
been performed in PSP so fahe visualization of tau deposit living patients with PSB
crucialfortheunderstanding and elucidation of the pathophysiolognsaihanismsf this
disordersFurthermore, because therapeutic drugs targeting tau for taucgathias\D and
PSP are now under developménthe non-invasive detection and quantificatiomaof
deposits in the braiis indispensabldn the presenstudy,we studiedf/how PET imaging

with the tautracer, {°F]THK-5351, couldetecttau depositin patients with PSP

Methods
Autoradiography, fluorescence staining, and immunohistochemistry in postmortem brain
tissues

All'experiments were performachder the regulations of the Ethics Committee of
Tohoku University School of Medicine and the Austiedith Brain sample$rom a patient
with PSP (6#4yearold male)were obtainedrom the Tohoku University Brain Bank.

Paraffinrembedded brain sectiom&re usedor autoradiography and immunohistochemistry
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(IHC). For autoradiography, the brain sections were incubated with 3HiWHK -5351, and
then briefly washed with PBS containing 10% ethanol. The autoradiographic images wer
obtained usingn FLA-7000 phosphorimaging instrument (GE Healthcdfej the
fluorescence stainingssue sections were immersed in 100 THK-5351 solution
containing 50%:ethanol.

Adjacent sections were immunostaineith an AT8 antitau monoclonal antibody

(Innogeneties, Ghent, Belgium) stained using a modified Gally&saak method17].

Radiosynthesis of the PET tracers for clinical PET study

Injectable solutions of fF]THK-5351 were prepared with a radiochemical purity of
>95% andd@specific activity of 357 + 2@Bq/umol. ['C]PIB was synthesized vialaop
method using’C-methy! triflate.Injectable solutions of' {C]PIB were obtainedavith a

radiochemigal purity of >95 % and a specific activity of 248£Bq/umol.

Clinical PET.and. MRI studies

Nine healthy controls (HCs}hirteen patients with APand three patients with PSP
participated. irthis study. The demographic information of the study subjects were
summarizedn.Jable 1. Written, informed consent was obtained from the patients or their
guardians.under standard ethical guidelines.clinecal diagnosis of probable PS$¥s
basecbn:the-critéria of the National Institube Aging-Alzheimer's Associatioff andthe
National Instituté of Murological Disorders and Stroke and the Society for P8P
mini-mental staté examinatioMMSE)?° andPSP rating scaléswere used to assess global
cognitive and physicaglerformance.

Magnetic resonance scans were performed wsiBsNAL1.5T machine (General
Electric, Milwaukee, W% [**F]THK-5351 and 'C]PIB PET scans were performed using

an Eminence STARGATE scanner (Shimadzu, Kyoto, Japan).ddteering an intravenous
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injection of 185 MBq of °FJTHK-5351 or 296 MBq of £C]PIB, dynamic PET imagewere

obtainedfor 60 min (F¥F]THK-5351) or 70 min {C]PIB).

Image analysis

Standardized uptake value (SUV) images-#|THK-5351 and f'C]PIB were
obtained by normalizing the tissue radioactivity concentratiahe injected dose and body
weight. Thesanalysis of the automatedlumes of interegfvOI) was performedising the
PNEUROmMmodule in the PMOD software (version 3.6; PMOD Technologies, Zurich,
Switzerlandj?. VOIs were definedn the following regions: parahippocampfissiform
gyrus, middle andhferior temporalorbitofrontal posterior cingulatdateral occipital
superior parietainferior andsuperior frontaglputamen globus pallidus, midbraimnd the
cerebellar cortex. The cerebeltartexwas use@s a reference region. The ratio of the
regional SUVto the cerebellar cortex SUMIVR) from 50 to 60 min postnjectionwas
usedas amsindex of fF]THK-5351retention The neocortical AP burden was expresseas
the averag®lB SUVR for the following cortical/Ols: the ventrolateral prefrontal; parietal;
superior and inferior temporal; and posterior cingulate cortiagshermore, th&-scores

were computed as followz:= [(individual value) —KKIC mean]/(HC SD).

Results
Biochemical characteristics and autoradiographic studies of THK-5351

In vitrerautoradiograms of tHarain sections were initially performed to examine the
ability of THK-6351 to bindau lesionsn PSP(Fig. 1). In thePSPmidbrainsectionsa
strong fH]THK -5351 signaivas observed thaiighly corresponded to the tau lesions
identified bylHC (Fig. 1A and B).Furthermorea microautoradiographgf thesesections

indicated that there wassalective binding of fFJTHK-5351 toTAs (Fig.1C and Cinset).
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Tau depositstained withAT8 IHC matchedhe PH]THK -5351 microautoradiography signal
(Fig. 1C and D). Furthermore, tlstrong binding of THK5351 to tau deposits in the striatum
of thePSPcase was additionally demonstrated by fluorescence microsempy).
Moreover,the fluorescent staining images with THK-5351 completely correspantted t

tau lesions.detected with Gallyd&raak stainingKig. 1F).

[*®F] THK-5851#RET studies in patients with PSP

PET scans with'fF]THK-5351 and T'C]PIB, and MRI scansvere performed in the
patients with'PSRBs follows

Patientl: An 83yearold right-handed male. He started to manifest cognitive
impairment;“including memory disturbance atisbrientatiorthreeyears before the PET
scans. Histanding and galiecameunstable ongear after theognitive disturbanceas
observedThe appearance okgapyramidakigns, such as muscle rigidity and akineslsg
coincided'with the observation thfe gaitinstability and disturbanc&hen the PET scans
were obtained, he was bedden andunable to stand or walk. Up and down gazes were
restrictedin his eye movement.islMMSE score were 24 and at the first visit (thregears
before the PET scanahdat the time of the PET scans, respectively. His PSP rating scale was
82when the,RPET scans were performé&lis patienexhibited the typical “hummingbird
sign” onthe MRI sagittal sectignndicating significant atrophy ahe midbrain
[*®F] THK=5354PET scanshowed high tracer retention in the globus pallidus (z = 2.99) and
the midbrain(z =}4.76) Eig. 2). High [**F]THK-5351 retention was additionally observed in
the precentral«(z = 3.40), superior parietal (z = 4.65), posterior cingukat2.88),and
lateral occipitak(z = 3.23) corticés this patientNo remarkable retention ¢fF]THK-5351
was observed in the parahippocampal gyrus (z = 1.64) anfdréor temporal cortex (z =
1.42). Furthermore, no remarkable retention]PIB was observed in the neocortex of

this patient.
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Patient2: A 78-yearold rightthanded male. He presented with unstabletgait
years before the PET scans. Early symptoms included memory impairment, disionent
bradykinesia, dysphagia, and falls. When ffig]THK -5351 and J'C]JPIB PET scans were
obtained patientpresentedvith dyskinesia, vertical gaze palsy, muscle rigicalinesia, and
retropulsion. His MMSE scores were 24 and 21 at the first weit years before the PET
scansyandat the time of the PET scans, respectively. His PSP rating scale was 43 when the
PET scansswere obtainedlsagittal MRIshowed the typical “hummingbird sign
[**F]THK-535TPET imageshowed significantly highdracer retention than contrdls the
globus pallidus«(z = 3.73) and the midbrén= 4.83)(Fig. 2). High [**F]THK-5351 retention
was additionally observed in the precentral (z = 2.28), superior parietal (z =ph@Yyjor
cingulate (z'=2.77)and lateral occipital (z = 2.43) corticé¢owever, naemarkable
retention of “°F]THK-5351 was observed in the parahippocampal gyrus (z = 0.21) and
inferior temporal cortex (z = 0.42)lild [*'C]PIB retentiorwas observeéh the neocortex
(neocorticakSUVR 1.54).

Patient 3A 74-yearold right handed male. He developed some stiffness in his lower
backthree-fouryears before¢he PET scans. The patient also developed a posfuo®king
upwards, typical oPSP. After thesmitial symptoms patientstarteddeveloping some degree
of unsteadiness in his gait. During this period, sdiffeculty in reading withdiplopia and
restriced eye movement appeared. Over the subsedlierdyears he experienced gradual
worsening insbalance, and wide based gaihestaredto fall. Hepresented quite marked
restricted up and down gaze and saccadic interruption to smooth pursuilaterdilegaze at
thetime of thePET scans. His recent scorest®MMSE and PSP rating scalegre 28 and
78, respectivelydn MRI scanindicated that his midbrain was atrophit addition to
agerelatedvolume losghroughout the entirbrain [**F]THK-5351PETimagingresulted in
asignificantly high retention in thenidbrain(z =3.98) and globus pallidus (z = 1.81) in this

subject. However, no remarkable retention'@¥]THK-5351 was observed in the neocortex.
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The three patientthat participatedn the present study were diagnosed as probable
PSPdue totheir gradually progressive symptoms, age of ofsé0 years)yertical
supranuclear gaze palsy, and prominent posinstdbility with falls appeang onthe first
year of onset. litontraswith the HC and AD groups significantly highe*®F]THK-5351
retentionwas observed in the globus pallidus amdbrainof patients with PSPTable 2).
Thebrain regionatlistribution of f¥F]THK-5351retentionin thesePSPpatientswvas
completely.differenfrom the[**F]THK-5351 retentiompatternin AD patients Specifically,
the middle ananferior temporal cortexfusiform gyrusand parahippocampal gyrughere
high [°F]THK-5851retentionwas observeéh AD, did not exhibisignificant

[*®F]THK-5351retentionin thePSPpatients

Discussion

To elucidate the pathogenesis of neurodegenerative disardargwvasive
molecularimagingf aggregated proteirt®s been availabfer several yeardmaging oftau
aggregatés was.not possible urdgitently Thereforeneurodegenerative disorders except for
AD, such as non-AD tauopathies could not be assessed by non-invasive approaches such as
molecular imaging. Here, we describeavel tauPET tracer, fF]THK-5351, and examined
the mostrepresentative neAD tauopathy, PSRAs mentionedefore, audepositsn PSP are
classified into NFTs, TAs, CBs, and,Tdnd they are predominantly prominent in
subthalamlie-nuclei, substantia nigra, and globus paftfdiihie present autoradiographical
study indicated thakHK-5351can detect TAs very clearly.

All thesPSP patienis the present study were deemed telbssic RSbecausall
of them exhibitecdsupranuclear vertical gapalsy and gait instability more promingnthan
parkinsonism or akinesiaith gait freezingThe significantdetection of tau lesions in the
globus pallidus anthe midbrairwith [*®F]THK-5351is in agreemenwith the

neuropathological findings alassic R$>. To confirm these findingyrecise comparative
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analysedbetweerantemortemPETimages anghostmortemneuropathological examination
will be required Moreover investigations towards charactengithe ability of
[*®F]THK-5351to further distinguish between PSP clinipaésentationsRS, PSFP, and
PAGF are'warranted

Non4invasivemolecular imaging for the detection of proteinopatises ucialfor
the investigation of thpathomechanisms and accurate diagnosi®urodegenerative
disorders. Beyond AD and PSRsitextremelyimportant toexplore the utility of
[**F]THK-535Tin the assessment ofher nonAD tauopatfes such afrontotemporal lobar
degeneration, gorticobasal degeneration, chronic traumatic encephalopathyaptaligyr
grain diseaselmagng-to-autopsycorrelationaktudieswill be necessary to validate the
results presented herda conclusion, fF]THK-5351 is showing promise as a tau imaging
tracer that will help elucidate the pathophysiological mechanisms undefirond
non-AD tauopaties, allowing earlier and more accurate differential diagnosis, as well as
assisting inwsubject recruitment, target engagement and efficacy monitoring in

diseasespecific. antitau therapeutic trials.
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HC 9 5/4 71.6+/- 6.6 28.6 +/- 1.5

AD 13 9/4 76.6 +/-9.1 19.2 +/- 4.2

PSP 3 3/0 78.3 +/- 3.7 16.7 +11.4

HC: healthy eontrel, AD: Alzheimés disease, PSP: Progressive supranuclear palsy

MMSE: Mini-mental state examination

Table 2: Regional*®F]THK-5351SUVRs, Zscores and effect size

Cohen's
SUVR Z-score
d
PS A
HC PSP AD PSP AD
P D
Parahippoca.2 0. 1 0. 2 0 0. 0. 4 2 1. 2
+ + + + +
mpal 03 12 94 14 61 24 93 72 89 04 13 87
1 0. 1 0. 2 0 0. 0. 3 1 0. 2
Fusiform + + + + +
83 18 85 10 36 27 36 28 00 54 05 22
Inferior 1. 0. 1. 0. 2. 0. 0. 0. 4. 2. 0. 2.
+ + + + +
temporal 52 13 56 17 10 27 88 50 37 05 22 56

Orbitofronta 1. 0. 1. 0. 1. 0. 1. 0. 1. 1. 0. 1.

I+
I+
I+
I+
I+

I 71 16 65 23 96 21 04 67 69 17 46 30

Posterior 1. 0. 1. 0. 1. 0. 1. 1. 2. 0. 0. 2.

I+
I+
I+
I+
I+

cingulate 48 12 72 41 83 12 99 45 90 97 50 95

I+
o
=
I+
o
[EY
I+
©
-
I+
[EEY
w
I+
N
=
[EY

Lateral 1.
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occipital 21 10 40 20 56 22 91 64 49 14 32 97
Superior 1. 0. 1 0. 1 0. 2. 1. 3. 1. 1. 2.
* * * + +
parietal 25 09 51 28 56 12 86 87 34 26 33 88
Inferior 1. 0. 1 0. 1 0. 1. 0. 1 0. 0. 1
* * * + +
frontal 25 10 41 14 40 13 48 22 66 95 79 26
Superior 1. 0. 1 0. 1 0. 1. 0. 1. 0. 0. 1
* * * + +
frontal 23 13 42 23 42 12 46 47 43 88 55 52
2. 0. 3. 0. 2 0. 1. 0. 0. 0. 0. O
Putamen + + + + +
62 36 06 48 79 41 24 92 96 73 89 43
Globus 3 0. 4 0. 3. 0. 2. 0. O 0. 2. 0.
* * * + +
pallidum 24 42 42 57 38 41 84 97 86 54 40 35
2, 0. 3. 0. 2 0. 4. 0. 1 0. 5 0.
Midbrain + + + + +
56 18 38 20 49 32 53 47 52 83 33 24
Figurelegends

Fig. 1. In vitro.analyses of HK-5351in autopsied samples

(A-F) In vitre.autoradiography ofH] THK-5351 and immunohistochemistry of the midbrain

sections oprogressivesupranuclear palsy (PSP). Autoradiographggesobtained using

[*H] THK=53515for the midbrain section of PSP (A), and the microautoradiogrampage of

themidbrain of RSP (Care presentenh the upper panels. Immunohistochemical images with

anantitau antibody, AT8, in the adjacent sections tQ &hd(C) are presenteih the lower

panels B) and«(D), respectivelyE, F)Microscopic imagesf THK-5351 binding to tau

lesions inPSP.(E) THK-5351 staining of thetriatumfrom a patient witiPSP (F)

GallyasBraakstainingin the adjacent section.
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Fig. 2. PET imaging with fF]THK-5351 in the subjects with healthy control, PSP and
Alzheimers disease

Representativexéal, sagitta] and coronal’fF]THK-5351 PET images from a healthy control
subject (81yearold female) threepatients with progressive supranuclear p&isSP)anda
patient with. Alzheimeéss disease (#8earold male, MMSE score 13), showing significant

higher retention'PF]THK-5351 in the pallidum and midbradri patients with PSP

Fig. 3. PEThimaging with T'C]Pittsburdh compound EPIB) in the subjects with healthy
control andprogressive supranuclear pa(®6h
[*'C]PIB imagesffom a healthy control subjed-yearold female) andwo patientswith

PSP(patient 1 and 2).
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