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Abstract

Development of positron emission tomography (PET) imaging agents capable of quantifying tau
aggregates in neurodegenerative disorders such as Alzheimer’s disease (AD) is of enormous
importance in the field of dementia research. The aim of the present study was to conduct first-in-
man imaging studies with the potential novel tau imaging agent [18F]N-methyl lansoprazole
([*8F]JNML). Herein we report validation of the synthesis of [28FJNML for clinical use by labeling
the trifluoromethyl group via radiofluorination of the corresponding gem-difluoro enol ether
precursor. This is the first use of this method for clinical production of PET radiotracers, and
confirmed that it can be readily implemented at multiple production facilities to provide
[8FINML in good non-corrected radiochemical yield (3.4 + 1.5 GBq, 4.6 + 2.6%) and molar
activity (120.1 £ 186.3 GBg/umol), excellent radiochemical purity (>97%), and suitable for human
use (n = 15). With [18F]NML in hand, we conducted rodent biodistribution, estimates of human
dosimetry, and preliminary evaluation of [28FJNML in human subjects at two imaging sites.
Healthy controls (n = 4) and mild cognitively impaired (MCI) / AD patients (n = 6) received
[18FINML (tau), [18F]AV1451 (tau) and [18F]florbetaben or [18F]florbetapir (amyloid) PET scans.
A single progressive supranuclear palsy (PSP) patient also received [18F]NML and [18F]AV1451
PET scans. [18F]NML showed good brain uptake, reasonable pharmacokinetics and appropriate
imaging characteristics in healthy controls. The mean + SD of the administered mass of [18F/

"Corresponding Author: Vasko Kramer (vkramer@positronpharma.cl), Allen F. Brooks (afo@umich.edu), Peter J. H. Scott
(rpjhscott@umich.edu), Patrick J. Riss (patrick.riss@kjemi.uio.no).
V.K. and A.F.B.: Equal contribution. All authors contributed to writing this article.

Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acschemneuro.XXX.

The authors declare no competing financial interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kramer et al.

Page 2

19FINML was 2.01 + 2.17 pg (range, 0.16 — 8.27 pg) and the mean administered activity was 350
+ 62 MBq (range, 199 — 403 MBq). There were no adverse or clinically detectable pharmacologic
effects in any of the 11 subjects and no significant changes in vital signs were observed. However,
despite high affinity for tau /n vitro, brain retention in MCI/AD and PSP patients was low and
there was no evidence of specific signals /7 vivo that corresponded to tau. Although it is still
unclear why clinical translation of the radiotracer was unsuccessful, we nevertheless conclude that
further development of [18F]NML as a tau PET imaging agent is not warranted at this time.
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INTRODUCTION

Aggregated tau protein (either with 3 repeat units (3R) or 4 repeat units (4R)) is a hallmark
pathology of neurodegenerative disorders such as Alzheimer’s disease (AD) and related
tauopathies that correlates with cognitive decline and Braak staging.! Reflecting this, there is
significant interest in developing imaging agents for quantifying tau aggregates using
positron emission tomography (PET) imaging (for recent reviews of tau PET, see:
23456.78.9) Despite significant progress to date, there remain challenges with tau imaging.
For example, first generation tau tracers such as [*8F]THK535110 and [18F]AV145111 suffer
from off-target binding to monoamine oxidase, 121314 while [11C]PBB3 is associated with
brain-penetrating metabolites.2® As such, development continues and a number of new 2
generation tau imaging agents have been reported recently and are all currently in clinical
trials, including [18F]MK6240,16:17 [18F]P1-2620,18 [18F]GTP1,1° [18F]RO69589482° and
fluorinated PBB3 derivatives.?!

Imaging of 3R tau looks promising for these new 2"d generation agents. However, while
[8F]PI1-2620 appears to bind to all subtypes of tau (3R, 4R, 3R/4R),22 there is still no
imaging agent that is selective for 4R tau found in tauopathies such as progressive
supranuclear palsy (PSP) and corticobasal degeneration (CBD).23 With these various issues
in mind, we have investigated development of tau PET imaging agents based upon the
proton pump inhibitor lansoprazole, after it was shown to have high affinity for tau
aggregates /n vitro (K; = 2.5 nM for heparin-induced tau filaments).24 With the aim of
repurposing the lansoprazole scaffold for tau PET, we recently reported the radiosynthesis
and pre-clinical evaluation of lansoprazole derivatives, including [18F] A-methyl
lansoprazole ([*8FJNML), as potential tau imaging agents.?>:26:27 These studies
demonstrated that [18FJNML has high affinity for heparin-induced tau filaments (Kq = 0.7
nM) and 11.7-fold selectivity for tau over amyloid. This selectivity could perhaps be better,
but an order of magnitude is in line with the 20-fold selectivity that has been suggested as a
target for the ideal tau radiotracer.® Autoradiography and binding affinity studies confirmed
that [18FJNML binds to both the 3R/4R tau found in AD (Kg = 8.2 nM25) and 4R tau found
in PSP (Kq = 11.4 nM?28). /n vivo pre-clinical imaging studies in healthy rodents and
nonhuman primates also revealed high brain uptake, as well as favorable imaging properties
and brain pharmacokinetics.2> Given these promising results, we were motivated to evaluate
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[8FINML in a clinical setting. In this paper we report validation of the synthesis of
[L8FINML for clinical use from its respective gem-difluoro enol ether precursor, through
radiofluorination of the trifluoromethyl group. With [28FJNML in hand, we conducted
rodent biodistribution studies, estimates of human dosimetry and, to our knowledge, the
first-in-human PET study with [18F]NML comparing healthy control subjects to dementia
patients. Healthy controls (n = 4) and mild cognitively impaired (MCI) / AD patients (n = 6)
received [18F]NML (tau), [*8F]AV1451 (tau) and [*8F]florbetaben or [18F]florbetapir
(amyloid) PET scans at PositronMed (PM, Chile) and the University of Michigan (UM,
USA). An additional PSP patient also received [28FJNML and [18F]AV1451 PET scans at
UM.

RESULTS AND DISCUSSION
Validation of the Radiosynthesis of [18F]NML

[18FINML is synthesized from the gem-difluoro enol ether precursor 1 using no-carrier-
added [18F]KF in the presence of [2.2.2]cryptand (kryptofix® 222, crypt-222), and a proton
source (/PrOH or NH4CI) to quench the reaction and allow generation of the trifluormethyl
group, as previously reported (Scheme 1).2527:29 These prior syntheses provided [18F]NML
suitable for preclinical use but, in order to prepare [18F]NML for clinical use, a
radiosynthesis compliant with current Good Manufacturing Practice (cGMP) needed to be
validated. During our initial studies, we found that formation of high molar activity
[18F]trifluoromethyl groups can be challenging because of isotopic exchange as well as
fluoride ion release through precursor degradation.2%29:30 Following careful balancing of
radiochemical yield, reaction time and temperature (see Supporting Information for details
of optimization experiments), qualification runs were performed using the established
production method (see Methods section for full details), and we were gratified to observe
that [18F]NML was formed in good molar activity during these validation runs (molar
activity at University of Michigan = 36.6 + 14.8 GBq / pmol; molar activity at PositronMed
= 226.6 + 310.9 GBq / pmol). The apparent difference in molar activity between sites is
down to one outlier (see Supporting Information). Doses of [X8F]NML also met or exceeded
all quality control criteria, confirming suitability for clinical use (Table 1).

Rodent Biodistribution and Estimated Human Dosimetry

Biodistribution studies were conducted in male and female Sprague Dawley rats to
determine radiation-absorbed-dose estimates using the OLINDA/EXM 1.0 software
package.3! In the study, [*8F]JNML was administered i.v. viathe tail vein, and animals were
sacrificed and sectioned at four time points: 5 min, 30 min, 60 min, and 120 min. The data
for the biodistribution (see Table S1 and Figure S2 in Supporting Information) showed rapid
distribution throughout the body, with highest uptake observed in contents of the stomach
and small intestine, and is consistent with that previously reported for [ZICINML.26 The
biodistribution studies also confirmed brain uptake of the radiotracer. In addition, small
animal PET scans of 4 rats (2 male and 2 female) were taken with the bladder in frame, to
determine distribution in the urine. This data was then used to calculate radiation-absorbed-
dose estimates for humans to facilitate first-in-man studies (Table 2 and Table S2 in
Supporting Information).
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Imaging in Healthy Controls and Patients with MCI/AD or PSP

Clinical PET studies were conducted at two sites: PositronMed (Chile) and the University of
Michigan (USA) (Table 3). A total of five participants were included in the prospective
study at the site in Chile, including two healthy volunteers (mean+SD age 57.5+7.8 years) to
study physiological distribution of [L8FJNML in the brain and three patients (mean+SD age
72.0+6.0 years), clinically diagnosed with mild to moderate AD, to study tracer binding to
neurofibrillary tangles consisting of pathologic tau-aggregates. All subjects participated at
least in the [18F]NML PET/CT scan. One HC and two AD patients also participated in a
volumetric 3D 1.5T MRI scan for co-registration whereas one HC (HC-1) and one AD
(AD-3) patient were not able to participate in the MRI scan. In addition, two AD patients
(AD-1 & AD-2) had a positive B-Amyloid PET/CT scan with [18F]florbetaben ([18F]FBB)
and participated in an additional PET/CT scan with [18F]AV1451 to confirm presence of
neurofibrillary tangles (see Table 3).

At the site in Michigan an additional six participants were included in the study (Table 3).
Two healthy volunteers (mean age 65+4 years) were included to also investigate
physiological distribution of [X8FJNML in the brain. Three patients (mean age 77+9 years)
clinically diagnosed with mild to moderate AD (official clinical diagnosis of MCI
(amnestic)), and one patient (age 76 years) clinically diagnosed with PSP, were included to
study tracer binding to 3R and 4R tau. Structural brain MR imaging was performed before
[18FINML PET. [18F]NML (384-403 MBq) was administered by intravenous bolus. All
subjects received additional [18F]AV1451 scans, and AD patients also received
[18F]florbetapir scans.

[18F]NML administration was well tolerated by all subjects at both study sites. Administered
mass dosages of NML were 2.01 + 2.17 pug (n = 11; range: 0.16-8.27 pg). No alterations
were noted in vital signs or in physical or neurological examinations, nor were significant
changes noted in either electrocardiograms or any of the laboratory values.

Imaging results in healthy subjects as well as MCI/AD (Figures 1 — 3) and PSP (Figure 4)
patients, [18FINML showed good penetration into brain tissue with a peak uptake of 5.0—
6.0% of the injected dose (i.d.) during the initial perfusion phase, one minute post injection
(p.i.), and fast clearance from brain tissue. We observed retention of the tracer in white
matter regions which might be related to binding of the tracer to p -sheet-rich myelinated
tissue as observed for other tracers.32 Binding could be observed within 10-30 minutes p.i.,
followed by rapid and complete clearance until the end of the scan.

Tracer uptake in healthy controls at later time points was low (SUVy,, = 0.50-0.75 at 60-90
min. p.i.) and distribution was homogenous throughout the whole brain and no difference
could be observed between regions-of-interest and cerebellar gray matter as reference
region. Surprisingly the same homogenous distribution pattern could be observed for
[*8F]NML in all MCI/AD (Figures 1 and 2) and PSP (Figure 4) patients, and no specific
uptake was observed during any time point of the scans. The same could be observed when
looking at the tracer kinetics for different brain regions. For example, in the AD patients,
time activity curves for cortical gray matter (frontal, parietal, occipital and temporal lobe)
follow the same Kinetic profile as the reference region (Figure 1). The only difference noted
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between healthy subjects and AD patients was a larger variation in blood flow and perfusion
during the initial phase of the scan noted by a larger spread of the curves which might be
related to advanced atrophy in different regions as seen for the AD subject in Figure 1.

In order to confirm the presence of amyloid as well as neurofibrillary tangles and paired
helical tau filaments (PHF-tau) in the MCI/AD patients, five patients received g-amyloid
scans (with [18F]florbetaben or [18F]florbetapir) and an additional tau PET scan with
[18F]AV1451. The additional scans in these five MCI/AD patients confirmed the presence of
both g-amyloid and PHF-tau. For example, subjects AD-1 and AD-2 showed significant
tracer uptake with [18F]AV1451 in every cortical brain region, with the temporal lobe being
the most affected and frontal lobe being the least affected region in both patients (Figure 2).
Typical off-target binding of [18F]AV1451 in the basal ganglia and choroid plexus was also
apparent in the scans as expected.!3 The distribution pattern of amyloid and tau deposits is
different in each case, with [18F]florbetaben or [18F]florbetapir showing highest uptake in
frontal cortex, consistent with cortical amyloid deposition.33 For every MCI/AD patient
scanned, no specific uptake could be observed for [18F]NML in any brain region, which
implies that [18F]INML does not bind to PHF-tau or B-amyloid plaques in vivo. This is in
contrast to previous findings from /in vitro studies with post-mortem AD brain tissue and
heparin-induced tau filaments conducted by three independent groups around the world,
including our laboratories.2425.26.27

To quantify and compare tracer uptake of [18FINML and [18F]AV1451, as well as the PHF-
tau burden in AD patients, we calculated SUV-ratios (SUVR) between regions of interest
and cerebellar gray matter as reference region for AD-1 and AD-2 (Figure 3). AD subjects
showed SUVR values for [18F]AV1451 of >2.0 for almost all brain regions and peak SUVR
of 2.99 and 3.14 in medial temporal gyrus for subject AD-1 and AD-2, respectively. As
reference, the SUVRgg_109 Value provides reasonable outcome measures for differentiation
between older normal controls (ONC), MCI and AD patients.34 Average SUVR in medial
temporal gyrus in those cohorts were 1.09+0.14, 1.38+0.18 and 1.78+0.48 for ONC, MCI
and AD, respectively. As expected from the qualitative imaging results, SUV values for
[18FINML were not significantly different from the reference region, with slightly lower
values probably due to reduced perfusion.

Lastly, since [*8FJNML was found to also have high affinity for 4R tau in vitro,26:25.28 we
were curious whether the radiotracer could be used for tau imaging in 4R tauopathies such
as progressive supranuclear palsy (PSP). Therefore we also scanned one PSP patient with
[18FINML in this study. Unfortunately, the same homogenous distribution of [*8FJNML was
observed in the PSP patient as was seen in the MCI/AD patients, and no obvious specific
uptake was observed during any time point of the scan (Figure 4). The PSP patient was also
scanned with [18F]AV1451 the following week. That scan showed presumed off-target
binding in the substantia nigra and choroid plexus, but also possible tau signal in the globus
pallidum and the lateral temporal lobe consistent with previous [18F]AV1451 data in PSP
subjects.35:36 While post-mortem confirmation of tau is needed, this signal was not apparent
in the [*8FJNML image.
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This study demonstrates the complexity of developing a new PET imaging agent and that
radiotracers which appear promising in pre-clinical evaluation can still fail in the clinic.
While [18FINML showed good brain uptake in both nonhuman primates and human
subjects, as well as high affinity for both 3R and 4R tau /n vitro, this did not translate to
successful imaging of tau in either MCI/AD or PSP patients. It is unclear at this point why
[18FINML failed to image tau in these first clinical studies. However, perhaps known
discrepancies between /in vitro and in vivo results stemming from some combination of i)
tracer metabolism issues (while a favorable metabolism profile of [21CJNML in rodent has
been reported previously,28 a limitation of the present study is that [28FJNML metabolism
was not determined in the clinical studies — in a preliminary study in one healthy subject,
two venous blood samples were taken (10 and 20 min p.i.) and, after removal of blood cells
and proteins, HPLC analysis revealed only parent [18FJNML. However, more extensive
metabolite analysis at later time points was not conducted); ii) potential differences in
disease stage between living patients and end-stage post-mortem samples; and iii) inherent
limitations of autoradiography experiments,2% mean that the binding potential (BP) for
[18FINML is simply insufficient to detect tau pathology 7 vivo.

Conclusions

Methods

In this study we have successfully synthesized [X8F]NML in good molar activity by labeling
its trifluoromethyl group, and translated the radiotracer into first-in-man studies to
investigate its use as a tau PET imaging agent. [18FJNML was safe and well tolerated by all
study participants. The tracer showed good brain uptake, reasonable pharmacokinetics and
appropriate imaging characteristics in healthy controls. However, despite high affinity for 3R
and 4R tau /n vitro, brain retention in MCI/AD and PSP patients was low and there was no
evidence of specific binding to tau /7 vivo. As such, we conclude that further development of
[18FINML as a tau PET imaging agent is not warranted at this time.

PositronMed

General Information—The study at PositronMed was approved by the institutional and
regional ethic committee boards (Comité de Etica Cientifico, Servicio de Salud
Metropolitano Oriente, permit 20160405 and 20161025). Inclusion criteria for all
participants were written informed consent, use of anti-contraceptives for at least six months
after last imaging visit in case of possible pregnancy. Healthy volunteers had to be at age of
50-70 years, without having clinical signs of any neurological disorder as evaluated by
standard neurological exams. Inclusion criteria for AD patients were being age of 50-90
years, having a clinical diagnose of AD based on NINCDS/ADRDA y DSM-1V criteria, and
the ability to follow the study procedures.

Radiotracers—Production of [18F]NML was carried out using a cassette based module
(IBA Synthera) using a minor modification of the conditions developed by Riss et a/.?° The
[18F]fluoride was produced with an IBA Cyclone 18/9 cyclotron by irradiation of 2.0mL of
[180]H,0 at 40 — 45 pA. [L8FINML was synthesized using a Synthera V2 synthesis module
and Synthera HPLC (lon Bean Applications, Louvain-La-Neuve, Belgium) using a Synthera
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integrated fluidic processor (IFP) cassette purchased from ABX (Radeberg, Germany). The
[18F]fluoride from 2.0 mL irradiated 180-water was trapped on a QMA-light Sep-Pak
cartridge (Waters), eluted into the reaction vessel using a solution of aqueous K,CO3 (4.6
mg in 0.3 mL of water) and crypt-222 (22 mg in 0.3 mL of acetonitrile) and dried by
evaporation. A solution of precursor 1 (2.5 mg) in anhydrous DMSO (650 L) and
isopropanol (36 pL) was added and the solution was heated at 90 °C for 3 minutes. After
cooling to 50 °C, the reaction mixture was diluted with mobile phase (1.5 mL) and purified
by semipreparative HPLC (column: Phenomenex Luna PFP(2) 250 x 10 mm; mobile phase:
65% water in 35% acetonitrile (v/v); flow rate: 3.5 mL/min). The fraction corresponding to
[18FINML (typically eluting around 26 min) was collected and transferred into a dilution
flask containing sterile water (50 mL). The product was reformulated from the resulting
solution by trapping on a Strata-X 33mg cartridge (Phenomenex), rinsing with sterile water
(3 mL), elution into a second collection vial with ethanol for injection (1.0 mL) and dilution
with 0.9% sodium chloride for injection (9.0 mL). The final isotonic formulation (10 mL)
was passed through a 0.22 uM Millex-GV sterile filter (Millipore, Billerica, MA) into a
sterile vial to provide [8FINML. Typically 2.3 + 1.4 GBq (2.1 + 1.4% non-decay-corrected
RCY) of [18F]NML were obtained from 111.6 + 25.8 GBq of [18F]fluoride, n=5 (see
Supporting Information for details).

[18F]AV1451 was prepared as previously described,3” and [*8F]florbetaben was obtained
from Positronpharma SA.

QC Testing—Quality control testing was conducted according to the standard procedures
outlined in the US Pharmacopeia (see Supporting Information for details and Table 1 for full
quality control test results). The final formulation of [*8FJNML had a pH of 5.0 and
radiochemical purity was >97%.

PET Imaging

[8F]NML PET/CT: At PositronMed, all subjects were scanned with a Siemens mCT Flow
PET scanner (Siemens, Erlangen, Germany). Daily QC of the PET scanner was performed
and passed at each imaging visit. Activity calibration of the scanner was performed by
phantom measurements according to standard procedures. The mean+SD of the
administered mass of [18F/19F]NML was 1.06+0.61 ug (range, 0.16-1.61 pg) and the mean
administered activity was 296.9+55.9 MBq (range, 199-339 MBq). There were no adverse
or clinically detectable pharmacologic effects in any of the 5 subjects and no significant
changes in vital signs were observed. Subjects were placed supine with their head secured
with fixation straps. Attenuation correction CT was performed prior to PET acquisition. The
CT parameters were 120 kV with dose modulation (CARE Dose4D), reconstruction
thickness 3mm (configuration 20 x 0.6 mm), pitch of 0.55 and rotation cycle of 1s.
Following CT acquisition, subjects received a single intravenous bolus of [18F]NML within
approximately 6 seconds while dynamic PET acquisition was simultaneously started. The
emission scan was acquired in LIST-Mode for 90 minutes and reconstructed with the
following parameters and corrections: Time frames 10 x 6 seconds, 6 x 20 seconds, 7 x 60
seconds, 5 x120 seconds, 14 x 300 seconds; Gaussian Filter, FWHM 2.0, 5 iterations 21
subsets, matrix 256 x 256, attenuation and scatter correction.
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[18F]AV1451 PET/CT: As described by Shcherbinin and colleagues,3* subjects received a
single intravenous bolus of 391 + 13 MBq [*8F]AV1451 within approximately 6 seconds and
were allowed to rest for 70 minutes before being placed supine with their head secured with
fixation straps. Attenuation correction CT was performed prior to PET acquisition with the
following parameters: 120 kV with dose modulation (CARE Dose4D), reconstruction
thickness 3mm (configuration 20 x 0.6 mm), pitch of 0.55 and rotation cycle of 1s. PET
emission scans were acquired in LIST-mode from 80-100 minutes post injection and
reconstructed with the following parameters and corrections: Time frames 4 x 300 seconds;
Gaussian Filter, FWHM 2.0, 5 iterations 21 subsets, matrix 256 x 256, attenuation and
scatter correction.

MRI scans: 3/5 subjects were scanned in a 1.5T magnetic resonance imaging (MRI)
scanner from Gyroscan Intera, Phillips Medical System, Best, the Netherlands. 3-
dimensional, T1-weighted MR images (isotropic 1x1x1mm resolution) were acquired using
the following parameters: T1 protocol; repetition time = 7.3 ms; echo delay time 3.3 ms;
inversion time = 815 ms and flip angle = 8°. Images were used for co-registration and
normalization of corresponding PET images.

University of Michigan

General Information—The experimental procedures were approved by the University of
Michigan Institutional Review Board (HUMO00124161: Evaluation of Tau Imaging
Radiotracers), and the Radioactive Drug Research Committee (RDRC) overseeing the use of
radionuclides in humans. All subjects gave written informed consent before study
participation. Subjects were screened within 30 d before PET, including recording of
demographic information, clinical history, concomitant medications, physical and neurologic
examination, and neuropsychologic testing.

Radiotracers—Production of [18FINML was carried out in a GE tracerlab FXgy synthesis
module in a manner consistent with the original report.2> A GE PETtrace cyclotron was
utilized to prepare [18F]fluoride by irradiation of 1.5 mL of [180]H,0 at 40 pA. [18F]NML
was synthesized using a GE TRACERLab FXgy synthesis module. The [*8F]fluoride
(approx. 66.6 GBq) was trapped on a QMA-light Sep-Pak cartridge (Waters) that had been
preconditioned with KHCO3 solution (0.5 M). [*8F]Fluoride was eluted with a solution of
K>COj3 (3.5 mg) in water (0.5 mL). A solution of crypt-222 (15 mg) in acetonitrile (1 mL)
was then added to the reactor, and the [18F]fluoride was azeotropically dried. A solution of
precursor 1 (3.5 mg) in anhydrous DMSO (950 pL) and satd. NH4Q solution (5 pL) was
added and the solution was heated at 90 °C for 3 min. After cooling to 50 °C, the reaction
mixture was diluted with HPLC mobile phase (3 mL) and purified by semi-preparative
HPLC (column: Phenomenex Luna PFP(2) 250 x 10 mm; mobile phase: 70% water in 30%
acetonitrile (v/v); flow rate: 4.0 mL/min). The fraction corresponding to [X8FJNML
(typically eluting around 35 min) was collected and transferred into a dilution flask
containing sterile water (50 mL). The product was reformulated from the resulting solution
by trapping on a 1 cc C18 cartridge (Waters), rinsing with sterile water (10 mL), eluting into
a second collection vial with ethanol for injection (0.5 mL) and dilution with 0.9% sodium
chloride for injection (9.5 mL). The final isotonic formulation (10 mL) was passed through a
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0.22 UM Millex-GV sterile filter (Millipore, Billerica, MA) into a sterile vial to provide
[L8FINML. Typically 3.9 + 1.4 GBq (5.9 + 2.0% non-decay-corrected RCY) of [18FJNML
were obtained from approximately 66.6 GBq of [18F]fluoride (estimated from known
cyclotron production history), n=10 (4 validation runs and 6 clinical production batches, see
Supporting Information for full details).

[18F]AV1451 was prepared as previously described,3” and [*8F]florbetapir was obtained
from Avid Radiopharmaceuticals.

QC Testing—Quality control testing was conducted according to the standard procedures
outlined in the US Pharmacopeia (see Supporting Information for details and Table 1 for
fully quality control test results). The final formulation of [18F]NML had a pH of 5.0 and
radiochemical purity was 100%.

QC testing of [18F]AV1451 was conducted as previously described.37

PET Imaging

[18FINML and ['8F]AV1451 PET/CT: At the University of Michigan, the mean+SD of the
administered mass of [18F/19F]NML was 2.80+2.73 g (range, 1.05-8.27 ug) and the mean
administered activity was 395.2+8.0 MBq (range, 384-403 MBq). There were no adverse or
clinically detectable pharmacologic effects in any of the 6 subjects scanned at UM, and no
significant changes in vital signs were observed. PET imaging sessions were conducted for
both [*8FJNML and [18F]AV1451 on separate, Y2-day study visits using a Siemens BioGraph
TruePoint PET-CT (model 1094). Subjects were scanned with eyes and ears not occluded in
a dimly lit scanning environment. The procedures employed were identical for each PET
imaging agent. Subjects were positioned on the PET scanner table, lying on their back. They
were asked to lie quietly, to stay awake and to keep their eyes open during the PET scans.
An IV was placed in one arm, and a low-dose X-ray CT scan of the head was performed for
attenuation correction of emission PET images. The PET tracer (either 10 mCi of [18FJNML
or [18F]AV1451 on separate PET imaging visits) was injected as an IV bolus. First, dynamic
PET imaging began immediately and was collected for 60 minutes: 4 x 30 sec frames; 3 x 1
min frames, 2 x 2.5 min frames; 6 x 5 min; 2 x 10 min. After a several minute break,
additional brain images were made from 75 — 105 minutes: 3 x 10 min. Subjects were then
removed from the PET scanner and the 1V tube was removed, ending the visit.

Other Method Considerations

Scanner Considerations—PET/CT scanners at each site were calibrated. However, we

did not perform a cross-calibration of the two scanners used at the different sites. Reflecting
this, SUVs may differ slightly between sites and were thus not compared directly. The lack

of cross-calibration should not affect comparisons of SUVR values.

The different frame settings at each site results from site specific PET imaging and
reconstruction protocols. Since there is no specific binding of [18F]NML to tau, and we did
not compare subjects between sites, these protocols were not standardized.

ACS Chem Neurosci. Author manuscript; available in PMC 2021 February 05.
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Image Analysis—Image post processing was carried out using the Pmod quantification
software v3.4 (PMOD Technologies Ltd, Zurich, Switzerland). PET images were corrected
for motion and, if available, co-registered to individual T1 weighted MRI scans and
normalized to Montreal Neurological Institute (MNI) space using the PNeuro tool. Standard
VOI maps were outlined from the available brain atlas in MNI space38 for cortical gray
matter regions (frontal cortex, parietal cortex, temporal cortex, occipital cortex, neocortex,
putamen, hippocampus and different sub-regions of temporal cortex) and cerebellar cortex as
reference region. Time-activity-curves (TACs) and average standard uptake values (SUVSs) at
different time points were calculated for all brain regions. Specific uptake value ratios
(SUVR) were calculated as SUVR = (SUV region / SUV cerebellum) for all regions and
brain uptake was calculated in percent injected dose (% i.D.) in the whole brain at different
time points.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:

Top: Transversal, sagittal and coronal view of averaged PET/MRI fusion images of
[8FINML uptake in a healthy control (left) and an AD patient (right) 60-90 minutes post
injection. Bottom: TACs for [18F]JNML for cortical gray matter regions (frontal, parietal,
temporal and occipital lobe as well as for cerebellum as reference region) of a healthy
volunteer (A) and an AD patient (B).
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Figure 2:
Transversal, sagittal and coronal view of averaged PET images of [18F]Florbetaben (upper

row), [18F]AV1451 (middle row) and [18F]JNML (lower row) uptake in two AD patients, 90—
110, 80-100 and 60-90 minutes p.i., respectively.
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Figure 3:
SUVR values of [8FJNML (green and violet) and [18F]AV1451 (blue and red) from two AD

patients for frontal cortex, parietal cortex, temporal cortex, occipital cortex, neocortex,
putamen, hippocampus and different sub-regions of temporal cortex using cerebellar cortex
as reference region
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[*8F]AV1451

[*8F]NML

Figure 4:
Transversal, sagittal and coronal view of averaged PET images of [18F]AV1451 (upper row)

and [*F]JNML (lower row) uptake in a PSP patient, 80100 and 60-90 minutes p.i.,
respectively.
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Scheme 1:
Radiosynthesis of [18F]NML
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QC data for [*8FJNML validation runs

Table 1:

QC Test

Specifications

Michigan (n = 4)

Positronpharma (n = 5)

Radioactivity Conc.
NML Conc.
Molar activity
Mass limit
Radiochemical Purity
Identity
Visual Inspection
pH
Radionuclidic Identity
Residual crypt-222
Residual DMSO
Residual MeCN
Filter membrane integrity
Bacterial endotoxins

Sterility

2370 MBg/batch
N/A

>14.1 GBq/pmoIb
<10 pg/injection
>95%

RRT?=0.9-1.1
Clear, colorless, no ppt
45-75
typ = 105-115 min
<50 pug/mL
<5000 ppm
<410 ppm
244 psi

<2.00 EUSmL

No microbial growth

2.8+0.7GBq
3.3+2.7pg/mL

37 + 15 GBg/umol

2.80+2.73 pg
100+ 0

1.0+0.0

Pass
50+0.0
109 £ 2 min
<50 pg/mL
19 £ 13 ppm
24 + 3 ppm
49 + 2 psi

<2.00 EUb/mL

Pass

2.4+ 1.8 GBqg
0.9+ 0.8 pg/mL
233 + 324 GBg/umol
1.06+0.61 pg
97.7 + 0.8%
1.0+£0.0
Pass
50+0.0
110+2
<50 pg/mL
11.4 £16.7 ppm
0.92 + 1.41 ppm
>50 psi
<1.75 EUmL

Pass

aReIative retention time (RRT) = [HPLC retention time of [18F]NML / HPLC retention time of NML reference standard];

bAssuming based on worst case scenario of 10 pg in a 370 MBq injection;

c, N
EU = endotoxin units.
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Radiation-absorbed-dose estimates for humans calculated using OLINDA/EXM 1.0 with preclinical rodent
studies (see Supporting Information for full details).

Target Organ Total Dose (MSv/MBq)  Dose for 370 MBq injection (mSv)
Adrenals 0.011 3.96
Brain 0.004 1.60
Breasts 0.008 3.12
Gallbladder Wall 0.017 6.18
Lower Lower Intestine Wall ~ 0.031 11.40
Upper Lower Intestine Wall ~ 0.070 25.90
Small Intestine 0.064 23.50
Stomach Wall 0.015 5.44
Heart Wall 0.009 3.17
Kidneys 0.012 4.29
Liver 0.011 4.22
Lungs 0.007 2.76
Muscle 0.011 4.14
Ovaries 0.021 7.88
Pancreas 0.011 4.00
Red Marrow 0.011 4.18
Osteogenic Cells 0.016 6.03
Skin 0.008 3.08
Spleen 0.012 4.40
Testes 0.011 411
Thymus 0.010 3.81
Thyroid 0.010 3.85
Urinary Bladder Wall 0.052 19.20
Uterus 0.021 7.59
Total Body 0.012 4.40
Effective Dose 0.019 6.85
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Table 3:
Study population and clinical data

Subject | Site | Gender | Age/y wei%%(tj)// kg Condition [S-AE)rré)_/I!oid ’;ré# [1s|;]g1,y| L Dl\;l)éeq/ n'gf;}i?g
HC-1 | Pm F 52 47 HC NA NA 15/04/16 339 0.16
HC-2 | Pm F 63 70 HC NA NA 21/04/16 308 161
HC-3 | um F 67 68 HC NA NA 03/07/18 384 1.87
HC4 | um M 62 90 HC NA NA 11/07/18 386 1.38
AD-1 | PM F 72 52 AD + + 19/04/16 316 125
AD-2 | PM F 78 61 AD + + 12/05/16 199 0.76
AD-3 | PM F 66 65 AD NA NA 13/05/16 323 1.54
AD-4 | UM M 84 99 MClI + + 18/10/18 399 1.05
AD-5 | UM F 66 73 MClI + + 02/11/18 399 2.67
AD-6 | UM F 80 48 MClI + + 12/11118 400 158
PSP-1 | UM M 76 76 PSP NA + 19/9/19 403 8.27
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