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General Method for the 'C-Labeling of 2-Arylpropionic Acids and
Their Esters: Construction of a PET Tracer Library for a Study of
Biological Events Involved in COXs Expression

Misato Takashima-Hirano, Miho Shukuri, Tadayuki Takashima, Miki Goto,
Yasuhiro Wada, Yasuyoshi Watanabe, Hirotaka Onoe, Hisashi Doi, and

Abstract: Cyclooxygenase (COX) is a
critical enzyme in prostaglandin bio-
synthesis that modulates a wide range
of biological functions, such as pain,
fever, and so on. To perform in vivo
COX imaging by positron emission to-
mography (PET), we developed a
method to incorporate 'C radionuclide
into various 2-arylpropionic acids that
have a common methylated structure,
particularly among nonsteroidal anti-
inflammatory drugs (NSAIDs). Thus,
we developed a novel ''C-radiolabeling
methodology based on rapid C-

Masaaki Suzuki*®

[!C]methylation products also allows
the synthesis of desired "C-incorporat-
ed acids. We demonstrated the utility
of this method in the syntheses of six
PET tracers, ['C]Ibuprofen,
[''C]Naproxen, ['C]Flurbiprofen,
["'C]Fenoprofen, [''C]Ketoprofen, and
[MC]Loxoprofen. Notably, we found
that their methyl esters were particular-
ly useful as proradiotracers for a study
of neuroinflammation. The microPET
studies of rats with lipopolysaccharide
(LPS)-induced brain inflammation

clearly showed that the radioactivity of
PET tracers accumulated in the in-
flamed region. Among these PET trac-
ers, the specificity of [''C]Ketoprofen
methyl ester was demonstrated by a
blocking study. Metabolite analysis in
the rat brain revealed that the methyl
esters were initially taken up in the
brain and then underwent hydrolysis to
form pharmacologically active forms of
the corresponding acids. Thus, we suc-
ceeded in general *'C-labeling of 2-ar-
ylpropionic acids and their methyl
esters as PET tracers of NSAIDs to

["C]methylation by the reaction of
['C]JCH,I with enolate intermediates
generated from the corresponding
esters under basic conditions. One-pot
hydrolysis of the above

Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) are among
the most widely prescribed drugs worldwide, because they
are the first choice in the treatment of rheumatic disorders
and other degenerative inflammatory diseases.!!! One of the
pharmacological actions of NSAIDs is an inhibitory effect

[a] M. Takashima-Hirano, M. Shukuri, T. Takashima, M. Goto, Y. Wada,
Prof. Dr. Y. Watanabe, Dr. H. Onoe, Dr. H. Doi, Prof. Dr. M. Suzuki
RIKEN Center for Molecular Imaging Science (CMIS)

6-7-3 Minatojima-minamimachi, Chuo-ku
Kobe, Hyogo, 650-0047 (Japan)
Fax: (+81)78-304-7131
E-mail: masaaki.suzuki@riken.jp
Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200903044.
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construct a potentially useful PET
tracer library for in vivo imaging of in-
flammation involved in COXs expres-
sion.

on cyclooxygenase (COX), which is a critical enzyme in con-
verting arachidonic acid into prostaglandins and thrombox-
anes. Mainly, two distinct isoforms, COX-1 and COX-2, are
known as a constitutive and an inducible form, respectively.
Recently, a novel COX-1 splice variant termed as COX-3
has also been reported.”) COX-1 enzyme exists in most
mammalian cells including the endothelium, stomach, and
kidney, and is responsible for maintaining homeostasis. In
contrast, COX-2 is found in the brain and kidney, it is pri-
marily induced in response to cytokines, mitogens, and en-
dotoxins in a variety of cell types including macrophages
and tumors. Therefore, the quantification of COX-2 in many
disease processes has great potential as a useful biomarker
for early diagnosis, a monitor of disease progression, and an
indicator of effective medical treatment.

Chem. Eur. J. 2010, 16, 42504258



Positron emission tomography (PET) is a powerful nonin-
vasive molecular imaging technique that provides high sensi-
tivity, good spatial resolution, and easy and accurate quan-
tification; PET is frequently used in biological research and
clinical studies.” Radionuclides used in PET include short-
lived radioisotopes (*'C, N, O) of the abundant elements
in the structures of biologically active compounds, such as
natural products and drugs, etc. A dose of the labeled com-
pound in medicine is very tiny, namely less than 1/100 of
actual pharmacological dose or 100 pg.*! Therefore, the ap-
plication of PET in a human microdose study at an early
stage of drug and biomarker development has been expect-
ed.’) The increasing need for pharmacologically significant
PET tracers requires efficient synthetic strategies for new
molecular ftracer designs and advances in radiolabeling
methodology. Carbon-11 (half-life =20.4 min) is one of the
most important isotopes for PET research. In particular, the
incorporation of the [''C]methyl group into organic frame-
works through [!C]carbon—carbon bond formation is one of
the attractive approaches because 1) the ["'C]methyl group
can be introduced into a metabolically stable position in the
molecules and, therefore, such a ''C-labeled tracer provides
a highly credible PET image, 2) the methyl group is often
used in drug design to control the lipophilicity of the mole-
cule and the blocking of the metabolic position as the small-
est substituted group containing carbon, and 3) the short
half-life of the C-incorporated tracer allows rapid screen-
ing of the PET images and increases progress by several
trials per day.®

Since the discovery of COX-2, the development of drugs
that selectively inhibit this isoform and the development of
corresponding specific PET tracers have become a major
area of pharmaceutical research.”! During the past decade,
PET tracers corresponding to highly selective and potent
COX-2 inhibitors, such as [®F]desbromo-Dup-697,®
[MC]Celecoxib,” ['C]Rofecoxib,*” and [''C]Valdecoxib!
have been developed. Additionally, C-labeling of diaryl-
substituted imidazole and indole analogues has yielded PET
probes with a high affinity and selectivity for COX-2.1*?
However, to the best of our knowledge, the successful
COX-2 imaging by using these PET tracers has not yet been
reported.®¥

The cause of the adverse side effects of NSAIDs is sus-
pected to be the inhibition of COX-1, a necessary house-
keeping gene that is not elevated during inflammation. In
contrast, COX-2 is normally nondetectable in most tissues,
but is rapidly elevated during inflammation. Thus, the inhib-
ition of COX-2 by NSAID:s is thought to be responsible for
their therapeutic effects. However, the relative biological
contributions of COX-1 and COX-2 isoforms in the mainte-
nance of normal physiological functions and in disease
states are not entirely clear."¥ Therefore, the development
of both nonselective and selective COX inhibitors and the
evaluation of their in vivo behavior by PET imaging could
greatly help to elucidate their physiological actions.

We previously developed a simple method to synthesize
["'C]Celecoxib, a COX-2 inhibitor.™™ In the present report,

Chem. Eur. J. 2010, 16, 42504258
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R = CHj; [''CJFlurbiprofen methyl ester ([''C]3)

R = CHj ["'ClKetoprofen methy! ester ([''C]5)
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we describe the efficient general syntheses of 'C-labeled 2-
arylpropionic esters by rapid ["C]methylation through sp~
sp>-type coupling by the reaction of ['"C]JCH,]I and the corre-
sponding enolates with the aim of realizing COX imaging by
PET. These esters were readily converted to the correspond-
ing acids as NSAID structures by one-pot hydrolysis.'! The
evaluation of the blood-brain barrier (BBB) permeability of
these NSAIDs PET tracers in rats and in vivo studies of a
rat lipopolysaccharide (LPS)-induced inflammation model
are also described. :

Results and Discussions

Chemistry: The 2-arylpropionic acids of six NSAIDs, Ibu-
profen, Naproxen, Flurbiprofen, Fenoprofen, Ketoprofen,
and Loxoprofen, were selected for 'C-labeling. They share
a common chemical structure for ["C]methyl group intro-

YCH, MCH,
OR

CHj ["'Clibuprofen methyl ester ([*'C]1) R = CHg ['"CINaproxen methyl ester ([''C)2)

H  ["'Clibuprofen ((''C]7) H  ["'C]Naproxen ([''C]8)
11CH3 ﬁCH
3
O. OR
o I

H  [MCIFlurbiprofen ({1'C]9) H  [YC]Fenoprofen ({''C]10)

1CH,

OR

H  [""ClKetoprofen ({'C]11) H  ["'ClLoxoprofen ([1'C]12)

duction, despite their different levels of inhibition of COX-1
and COX-2.1" All precursors and authentic samples were
prepared according to conventional synthetic methods or
purchased as described in the Experimental Section.!'®

Radiochemistry: Scheme 1 illustrates the syntheses of 'C-la-
beled 2-arylpropionic acids and their esters; the syntheses
were based on rapid C-["'C]methylation by using [“C]CH,I
under basic conditions. In general, sodium hydride was
added to a solution of methyl arylacetate as a precursor in

ocH 11CHyl, NaH 'CH; oo 2 M NaOH CH, o
3 ————— P —
AT oMF 30°c 50°C Ar
° within 2 min within 1 min
(one-pot)

Scheme 1. Syntheses of "'C-labeled 2-arylpropionic acids and their methyl
esters.
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DMF at room temperature for the deprotonation of the ben-
zylic position. After 10-20 min, ['C]JCH;l with He flow
(30 mLmin™") was trapped in the mixture and reacted with
the enolate at 30°C for 2 min, and then the resulting mix-
ture was quickly subjected to the preparative HPLC opera-
tion because of the rapid completion of the C-
["C]methylation. When the reaction was continued for a
slightly longer time or at a slightly higher temperature after
[UC]CH,I trapping, the yield of the ["'C]methylated com-
pounds was decreased. In the synthesis of ["'C]Ketoprofen
methyl ester ([''C]5), when the reaction mixture was heated
at 50°C or left for several minutes after [''C|CH,l trapping,
the desired product [''C]5 was gradually decomposed with
time, and some unknown side products appeared (Figure 1).

4.0%10° ['cls
s
=
>
2 2.0%10°4
o
g
=
0 | .
T L} T ] 1]
0 5 10 15 20 25
Time (min)
4.0x10°%
3 side products
Z 2.0x10° —
=
2
= ["'cis
0 , — ' \
0 5 10 15 20 25
Time (min)

Figure 1. Radiochromatograms of the crude reaction mixture of
["'C]Ketoprofen methyl ester ([''C]5) obtained by the reaction of
["'C]CHS,I and methyl (3-benzoylphenyl)acetate, demethylated precursor.
A) [''C]CHS,I trapping at 30°C for 2 min. B) [''C]JCH;I trapping at 30°C
for 2 min and reaction at 50°C for 4 min.

Finally, ["'C]5 was almost completely decomposed after the
reaction for 4 min at 50°C (Figure 1B). After extensive ex-
periments, we found that the reaction was completed during
[MCJCH,I trapping at 30°C without further reaction time.
This reaction was also proceeded by [''C]JCH,I trapping at
—10°C. By using these conditions, ["'C]Ibuprofen methyl
ester ([UCJ1), ["C]Naproxen methyl ester ([''C]2),
['CJFlurbiprofen methyl ester ([*!C]3), [''C]Fenoprofen
methyl ester ([''C]4), and ["'C]Loxoprofen methyl ester
([''C]6) were efficiently synthesized. Inexplicably, the com-
pounds, [*'CJ1, ['C]2, [''C]5, and ["'C]6 tended to decom-
pose upon radiolyses. In particular, ['C]1 and ["'C]2 were
gradually decomposed during HPLC purification or concen-
tration by evaporator. However, in our experience, we have
found that such radiolyses could be prevented by the use of
[**C]CHS,! at less than 15 GBq. The addition of ascorbic acid
as an antioxidant stabilizer to the reaction mixture before
the HPLC purification also effectively prevented the radiol-
ysis.") Consequently, we found that the six kinds of 2-aryl-
[“'C]propionic acid methyl esters are stable for 2 h after pu-
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rification by analytical HPLC. At present, the mechanism of
the radiolytic decomposition and the intrinsic stability of the
methyl esters are not clear. In addition, the corresponding
carboxylic acids, ["C]ibuprofen (["'C]7), [''C]Naproxen
(["C]8), [V'C]Flurbiprofen  (['!C]9), ["C]Fenoprofen
(["CJ10), ["C]Ketoprofen ([''CJ11), and ["C]Loxoprofen
(["'C]12), were also synthesized in one-pot reactions by the
rapid hydrolysis of each 2-aryl["'C]propionic acid methyl
ester with 2m sodium hydroxide at 50°C for 1 min. This hy-
drolysis completed even at 30°C for 1min. Interestingly,
HC-labeled 2-arylpropionic acids were radiochemically
stable. The physicochemical properties of the labeled com-
pounds are listed in Table 1. All 12 "C-labeled compounds

Table 1. Synthetic results and the stability of "'C-labeled 2-arylopropionic
acids and their methyl esters.

Compound Radioactivity ~ Specific radioactivity ~DCY  Stability®
[GBqJ®! [GBqpmol -] [%]
methyl ester
Mcn 31408 20429 56417 c
[tcp2 24401 32476 48457 c
c3 55402 40£15 7612 A
[mcl4 29+19 38£56 43424 A
["cis 55+04 47+11 72+13 B
['cl6 19401 26487 26453 B
carboxylic acid
[*cy7 43407 25485 72415 A
tcis 27406 24£10 47412 A
[clo 2.8+03 31412 43467 A
[*clo 33423 20450 60421 A
e 3.0+06 30415 29413 A
[MC2 1.6+0.6 22469 29413 A

Data are expressed as mean +SD (["'C]1, [''C]2, [C]3, [''Cl4, [1'C]7,
[cle, [CJ10, ['*C]11, and [M'C]12, n=3; [''C]5, ["'C]6, and ['C]8, n=4).
[a] Radioactivity showing the isolated radioactivity. [b] A: stable, B:
stable in the presence of ascorbic acid, C: stable under the lower current
beam and in the presence of ascorbic acid; DCY: decay-corrected yield
based on ["'C]CH,L

that we synthesized by the above procedures possessed suffi-
cient radioactivity (1.7-5.5 GBq) for an animal PET study.
The decay-corrected radiochemical yields (DCY) based on
[I'C]CH;I were 26-76 %. Of these, the yields of ['C]12 and
its methyl ester [''C]6 were relatively low. Such low yields
were presumably due to the co-occurrence of the enolization
at both of the a-positions of the ester and ketone moieties.
We classified isolated ["'C] products into three groups based
on their radiochemical stability. ['C]3, ["'C]4, ["'C]7, [*C]8,
[1Cle, [*'CI10, [1C]11, and ["'C]12 were stably isolated with-
out the addition of ascorbic acid, and they were categorized
as class A. [''C]5 and ["!C]6 in class B required ascorbic acid
for the HPLC purification and evaporation. ['C]1 and
[C]2 in class C were very unstable, and they required not
only ascorbic acid but also synthetic conditions with the
lower radioactivity (~15 GBq). The reaction with higher ra-
dioactivity (>15 GBq) gave many kinds of products among
which it was too difficult to isolate the desired labeled com-
pound. The chemical and radiochemical purities of the iso-
lated products were greater than 98 % because of their un-

Chem. Eur. J. 2010, 16, 42504258



C-Labeling of 2-Arylpropionic Acids and Their Esters

expectedly ready separation from their corresponding deme-
thylated precursors.”” Here, we consider that such a large
polarity difference between methylated and demethylated
compounds, as indicated in reverse-phase HPLC, may be
caused by the following electronic and structural factors:
The first factor is the ordinary increase of hydrophobicity by
introducing a nonpolar methyl group into an organic frame-
work. The second factor is the decrease of the acidity of the
benzylic proton of methylated compounds that is attributed
to the hyperconjugation between the C—H o bond of a ben-
zylic position and C=0 =*, which is also possible for the
LUMO (n*) of a phenyl moiety. Such hyperconjugation in
methylated products, if any, would also be less favored in
the methylated compound because of steric congestion
emerging from the assumed fully substituted pseudo olefin
structure.

Brain penetration of ["'C]5 and ["'C]11 evaluated by micro-
PET imaging: PET scans were performed to measure the
uptake of ["'C]5 and [''C]11 in the inflamed area of the left
striatum in rats; the inflammation was induced by the injec-
tion of 50 pg of lipopolysaccharide (LPS) one day before
the PET scan, because it was reported to cause the activa-
tion of microglia within 24 h.?! In this condition, we have
also observed the increase of the COX-2 expression sur-
rounding the LPS injection site by the immunohistochemical
method (data not shown). Radioactivity of [''C]5 after intra-
venous bolus administration was highly accumulated into
the LPS injection site and the surrounding area, whereas ra-
dioactivity of ['C]11 after the administration was not accu-
mulated in the brain including the injected site (Figure 2).
The radioactivity of [''C]5 in the inflammatory area was
about 9-fold higher than that of [''C]11. Low penetration of
["'C]11 into the brain, which was consistent with a previous
study that used 2-arylpropionic acids® was dramatically
improved by the conversion of carboxylic acid into methyl
ester.® As compared with [''CJPK11195, which is one of
the PET tracers widely used for the imaging of activated mi-
croglia that have occurred by neuroinflammation, the SUV
level of [''C]5 in the brain is almost the same, and moreover,
the ratio of radioactivity in the inflammatory region to back-
ground is rather superior.?” Therefore, [''C]5 could be ap-
plicable for the PET imaging of neuroinflammation.

Measurement of ['C]5 and the radioactive metabolites in
rat brain and blood: Metabolite analyses in rat brain and
blood of the ester as proradiotracers were performed in
normal rats after the administration of [''C]5 (Figure 3).
[''C]5 was rapidly hydrolyzed in rat blood to the pharmaco-
logically active form ['C]11, and the hydrolysis rate of
[C]5 in rat brain was much slower than that in the blood.
Thus more than 90% of [''C]5 that passed the BBB was hy-
drolyzed to ["CJ11 within 5min after administration.
Though the first hydrolysis step should be considered for
the quantitative kinetic analysis of PET, the hydrolysis rate
of ["'C]5 might be fast enough for the functional analysis of
COX imaging in rat brain, because a significant difference

Chem. Eur. J. 2010, 16, 4250-4258
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Radioactivity (SUV)

Figure 2. A) Summated PET images (from 5 to 45 min after the tracer in-
jection) of [''C]5 (left pancl) and ["'C]11 (right pancl) in rat brain inflam-
mation induced by LPS (50 pg) injection into the left striatum. B) Time—
activity curves of [''C]5 (n=2) and ["'C]11 (n=3) in the LPS-injected in-
flammatory areca (LPS) and the contralateral region (control). Data are
expressed as mean +£SD (e: LPS [''C]5, a: control ["'C]5; o: LPS
["'CJ11, A: control [''C]11).

between the inflammatory region and contralateral region
was observed in the later time point after the injection (Fig-
ure 2B). Thus, ["C]5 showed appropriate behavior as a pro-
radiotracer for the functional imaging in the rat brain.

Screening study of 2-aryl["'C]propionic acid methyl esters
by microPET imaging: To explore the appropriate PET trac-
ers for neuroinflammation, PET studies by using ["'C]1,
[CJ2, ["C]3, [M'C]4, [M'C]5, and [M'C]6 were performed in
the rat model of neuroinflammation. PET images with 2-
aryl[''C]propionic acid methyl esters demonstrated that all
of the proradiotracers, with the exception of [''C]1, showed
high accumulation in the area of LPS-induced inflammation
(Figure 4). Since the radiochemical stability of [!'C]1 was
comparable with that of ["'C]2, the lower brain uptake of
['C]1 might be derived from the differences of pharmacoki-
netic properties, such as metabolic stability and/or affinity
for efflux pumps at the BBB. Regional brain accumulation
of these proradiotracers is shown as a standardized uptake
value (SUV) during 40 min (5-45 min post-injection of the
tracer) in Table 2. The highest accumulation in the inflam-
matory area was observed for [''C]5, followed by [C]6,
["'C]3, [''C]4, and [''C]2, whereas the ratio to the contrala-
teral lesioned area was the highest for ["'C]6 and [''C]2
(about 4-fold).
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Figure 3. Rat brain (left) and blood (right) compositions of Ketoprofen methyl ester ([''C]5, @) and its phar-
macological active metabolite, Ketoprofen ([''C]11, o). Data are expressed as mean +SD (n=3). Top) Com-
position of ["'C]5 and [''C]11. Bottom) HPLC analyses by radio detector after 2 min.

Figure 4. PET images of 2-aryl[''C]propionic acid methyl esters in rat
brain inflammation induced by LPS (50 pg) injection into the left stria-
tum.

To determine the binding specificity of 2-aryl-
["'C]propionic acid methyl esters as proradiotracer in the in-
flamed area, we performed blocking experiments of ["'C]5
(proradiotracer of [''C]11) by using PET and ex vivo autora-
diography. Simultaneous injection of authentic Ketoprofen
methyl ester (KTP-Me) (10 mgkg™") with [''C]5 resulted in
a significantly reduced accumulation of radioactivities in the
area of LPS-induced inflammation (Figure SA,B). Images of
[''C]5 (proradiotracer of [''C]11) at 50 min post-injection in
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which is useful for diagnosis
and drug development for dis-
eases relating to COXs expres-
sion.

Table 2. Regional brain accumulation of the 2-aryl[''C]propionic acid
methyl esters in the inflammatory area induced by LPS (50 pg) injection
into the left striatum.

SUV Ratio

LPS injected striatum  contralateral striatum  LPS/control
Mci 0.5140.07 0.30£0.04 1.70£0.24
["Cl2 0924017 0.26£0.02 3.57+0.70
[MC]3  0.96+0.03 0.394+0.03 2.50+£0.27
[MCl4 0934017 0.39+£0.16 2.57+0.63
[MCl5  121+0.18 0.47+£0.12 2.79+1.10
[MCl6  1.1040.18 0.29+£0.02 3.76+£0.48

[a] The data were expressed as the standardized uptake value (SUV),
normalized for injected radioactivity and body weight. SUV = (radioactiv-
ity per cubic centimeter tissue/injected radioactivity) x gram body weight.
Data are expressed as mean +SD ([''C]3 and ['C]5, n=2; ['C]1, [''C]2,
["'C]4, and [''C]6, n=3).

Conclusion

To construct a PET tracer library, we developed a method
for common and efficient rapid ''C-labeling of 2-arylpro-
pionic acids and their methyl esters through the
[*!C]carbon—carbon bond formation; this method provided a
moderate radiochemical yield with high chemical and radio-
chemical purity.® Although the pharmacologically active
forms, 2-aryl["'C]propionic acids, showed low levels of brain
uptake, we expect that these compounds will be applied to
peripheral imaging. On the other hand, 2-aryl["'C]propionic
acid methyl esters showed good brain penetration. In addi-

Chem. Eur. J. 2010, 16, 42504258
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Figure 5. A) PET images of [''C]5 blocked by excess unlabeled Ketopro-
fen methyl ester (KTP-Me) in rat brain inflammation induced by LPS
(0.5 pg) injection into the left striatum. Unlabeled KTP-Me (10 mgkg™)
was simultaneously administered with radiotracer. B) Accumulated radi-
oactivity of ["'C]5 with simultaneous injection of KTP-Me in the inflamed
area (LPS) and the contralateral region (control). The data arc expressed
as SUV. The results are means +SD (Vehicle (), n=5; 10 mg KTP-Me
(d), n=4). * p<0.05; unpaired t-test. C)Ex vivo autoradiographic
images of [''C]5 at 50 min post-injection. The autoradiographic images
coregistered with their brain-slice photographs.

tion, the metabolite analysis of the ester [''C]5 in the rat
brain showed that it was converted into the pharmacologi-
cally active form ["'C]11. The studies of a rat model of LPS-
induced brain inflammation showed that [''CJ2, [C]3,
["'C]4, ["'C]5, and ["'C]6 were more highly taken up into the
LPS-treated area than the contralateral nontreated area.
The blocking study in PET and ex vivo autoradiography re-
vealed the specificity of [''C]5 (proradiotracer of [1'C]11)
for the target regions.

Experimental Section

Chemistry: All chemicals and solvents were purchased from Sigma-Al-
drich Japan (Tokyo, Japan), Wako Pure Chemical Industries (Osaka,
Japan), Tokyo Kasei Kogyo (Tokyo, Japan), and Nacalai Tesque (Kyoto,
Japan), and were used without further purification. Carbon-11 was pro-
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duced by an "“N(p,a)''C nuclear reaction by using a CYPRIS HM-12S
Cyclotron (Sumitomo Heavy Industry, Tokyo, Japan). An original auto-
mated radiolabeling system consisting of the heating of the reaction mix-
ture, dilution, HPLC injection, fractional collection, evaporation, and
sterile filtration was used for the production of [''C]JCH,I and the "'C-la-
beling. Purification with semi-preparative HPLC was performed on a
JASCO system (Tokyo, Japan). Radioactivity was quantified with an
ATOMLAB™300 dose calibrator (Aloka, Tokyo, Japan). Analytical
HPLC was performed on a Shimadzu system (Kyoto, Japan) equipped
with pumps and a UV detector, and the effluent radioactivity was deter-
mined by using a RLC700 radio analyzer (Aloka). The columns used for
the analytical and semi-preparative HPLC were COSMOSIL C;3 MS-II
and AR-II (Nacalai Tesque). [''C]CH,I was prepared as previously de-
scribed.

Radiosynthesis of ["C]Ibuprofen methyl ester (1): Sodium hydride
(1 mg) was added to a solution of methyl (4-isobutylphenyl)acetate in an-
hydrous DMF (200 pL) under an Ar atmosphere. [''C]JCH;I was trans-
ported by a stream of helium (30 mLmin™') and trapped in the mixture
at 30°C for 2 min. After the addition of a solution of 25% ascorbic acid
(50 uL), water (400 pL), and acetonitrile (400 pL), the resulting mixture
was injected into preparative HPLC (mobile phase: acetonitrile/10 mm
ammonium formate 65:35; column: COSMOSIL, 5C;s-MS-I1, 10 (i.d.) x
250 mm, 5 um; flow rate: 6 mLmin~'; UV detection: 195 nm; retention
time: 15 min). The desired fraction was collected into a flask containing
25% ascorbic acid (200 uL) and the organic solvent was removed under
reduced pressure. The desired radiotracer was dissolved in a mixture of
polysorbate 80, propylenc glycol, and saline (0.1:1:10 v/v/v, 4 mL). The
total synthesis time including HPLC purification and radiopharmaceuti-
cal formulation for intravenous administration was 28 min. The isolated
radioactivity was 4.0 GBq at the end of synthesis and the specific radioac-
tivity was 23 GBqumol ™. The chemical identity of [''C]Ibuprofen methyl
ester was confirmed by co-injection with the authentic sample of Ibupro-
fen methyl ester on analytical HPLC (mobile phase: acetonitrile/water
70:30; column: COSMOSIL, 5C;5-AR-I1, 4.6 (i.d.)x 150 mm, 5 pm; flow
rate: 1 mLmin™; UV detection: 210 nm; retention time: 5.3 min). The
chemical purity analyzed at 210 nm and the radiochemical purity were
greater than 99 %.

Radiosynthesis of ["'C]Naproxen methyl ester (2): The radiosynthesis
method was similar to that of ['C]Ibuprofen methyl ester (1).
["'C]Naproxen methyl ester was purified by semi-preparative HPLC
(mobile phase: acetonitrile/water=65:35; column: COSMOSIL, 5C-
MS-II, 20 (i.d.)x250 mm, 5 pm; flow rate: 10 mLmin~'; UV detection:
230 nm; retention time: 16 min). The total synthesis time including
HPLC purification and radiopharmaceutical formulation for intravenous
administration was 32 min. The isolated radioactivity was 2.5 GBq at the
end of synthesis, and the specific radioactivity was 37 GBqumol™'. The
chemical identity of ["'C]Naproxen methyl ester was confirmed by co-in-
jection with the authentic sample of Naproxen methyl ester on analytical
HPLC (mobile phase: acetonitrile/water 65:35; column: COSMOSIL,
5Cig-MS-II, 4.6 (i.d.)x150 mm, 5 pm; flow rate: 1 mLmin™"; UV detec-
tion: 230 nm; retention time: 5.5 min). The chemical purity analyzed at
230 nm and the radiochemical purity were greater than 99 %.

Radiosynthesis of ["'C]Flurbiprofen methyl ester (3): The radiosynthesis
method was similar to that of ["C]Ibuprofen methyl ester (1).
["'C]Flurbiprofen methyl ester was purified by semi-preparative HPLC
(mobile phase: acetonitrile/water 75:25; column: COSMOSIL, 5Cs-MS-
II, 20 (1.d.)x250 mm, 5um; flow rate: 10 mLmin!; UV detection:
254 nm; retention time: 15min). The total synthesis time including
HPLC purification and radiopharmaceutical formulation for intravenous
administration was 35 min. The isolated radioactivity was 5.8 GBq at the
end of synthesis, and the specific radioactivity was 41 GBqumol~'. The
chemical identity of ["'C]Flurbiprofen methyl ester was confirmed by co-
injection with the authentic sample of Flurbiprofen methyl ester on ana-
lytical HPLC (mobile phase: acctonitrile/water 60:40; column: COSMO-
SIL, 5C;5-AR-1IL, 4.6 (i.d.)x 100 mm, 5 pm; flow rate: 1 mLmin™!; UV de-
tection: 254 nm; retention time: 5.9 min). The chemical purity analyzed
at 254 nm and the radiochemical purity were greater than 99 %.
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Radiosynthesis of ["'C]Fenoprofen methyl ester (4): The radiosynthesis
method was similar to that of ["C]Ibuprofen methyl ester (1).
["'C]Fenoprofen methyl ester was purified by semi-preparative HPLC
(mobile phase: acetonitrile/water 70:30; column: COSMOSIL, 5C;s-MS-
II, 20 (i.d)x250 mm, 5pm; flow rate: 10mLmin™"; UV detection:
206 nm; retention time: 17 min). The total synthesis time including
HPLC purification and radiopharmaceutical formulation for intravenous
administration was 41 min. The isolated radioactivity was 4.8 GBq at the
end of synthesis and the specific radioactivity was 43 GBqumol™". The
chemical identity of [''C]Fenoprofen methyl ester was confirmed by co-
injection with the authentic sample of Fenoprofen methyl ester on analyt-
ical HPLC (mobile phase: acetonitrile/water 60:40; column: COSMOSIL,
5C-AR-I1, 4.6 (i.d.)x 100 mm, S pm; flow rate: 1 mLmin™"; UV detec-
tion: 220 nm; retention time: 5.8 min). The chemical purity analyzed at
220 nm and the radiochemical purity were greater than 99 %.

Radiosynthesis of ["'C]Ketoprofen methyl ester (5): The radiosynthesis
method was similar to that of ["C]Ibuprofen methyl ester (1).
["C]Ketprofen methyl ester was purified by semi-preparative HPLC
(mobile phase: acetonitrile/water 70:30; column: COSMOSIL, 5C-MS-
II, 20 (i.d)x250mm, Sum; flow rate: 10mLmin™'; UV detection:
254 nm; retention time: 12min). The total synthesis time including
HPLC purification and radiopharmaceutical formulation for intravenous
administration was 28 min. The isolated radioactivity was 6.1 GBq at the
end of synthesis and the specific radioactivity was 63 GBqumol™. The
chemical identity of [''C]Ketoprofen methyl ester was confirmed by co-
injection with the authentic sample of Fenoprofen methyl ester on analyt-
ical HPLC (mobile phase: acetonitrile/water 60:40; column: COSMOSIL,
5Ci-AR-IL, 4.6 (i.d.)x 100 mm, S pm; flow rate: 1 mLmin™; UV detec-
tion: 254 nm; retention time: 5.8 min). The chemical purity analyzed at
254 nm and the radiochemical purity were greater than 99%.

Radiosynthesis of ["'C]Loxoprofen methyl ester (6): The radiosynthesis
method was similar to that of ["'C]lbuprofen methyl ester (1).
[M'C]Loxoprofen methyl ester was purified by semi-preparative HPLC
(mobile phase: acetonitrile/10 mm ammonium formate 50:50; column:
COSMOSIL, 5C,-MS-I1, 10 (i.d.) 250 mm, 5 um; flow rate: 6 mLmin™;
UV detection: 220 nm; retention time: 10 min). The total synthesis time
including HPLC purification and radiopharmaceutical formulation for in-
travenous administration was 36 min. The isolated radioactivity was
2.2 GBq at the end of synthesis, and the specific radioactivity was
28 GBqumol™'. The chemical identity of [''C]Loxoprofen methyl ester
was confirmed by co-injection with the authentic sample of Loxoprofen
methyl ester on analytical HPLC (mobile phase: acetonitrile/water 45:55;
column: COSMOSIL, 5C;-MS-II, 4.6 (i.d.)x150 mm, S pm; flow rate:
1 mLmin~'; UV detection: 220 nm; retention time: 11.6 min). The chemi-
cal purity analyzed at 220 nm and the radiochemical purity were greater
than 99 %.

Radiosynthesis of ['C]Ibuprofen (7): Sodium hydride (1 mg) was added
to a stirred solution of methyl (4-isobutylphenyl)acetate in anhydrous
DMF (200 uL) under an Ar atmosphere. ['C]CH,I was transported by a
stream of helium (30 mLmin™) and trapped in the mixture at room tem-
perature for 2 min. A total of 300 uL of 2M sodium hydroxide was added
to the reaction mixture, and then it was heated at 50°C for 1 min. After
addition of a solution of 10% formic acid in acetonitrile (300 uL), the
mixture was diluted with 50% acetonitrile in water (300 uL). The given
reaction mixture was injected into preparative HPLC (mobile phase: ace-
tonitrile/10 mm sodium phosphate buffer (pH 7.4) 34:66; column: COS-
MOSIL, 5C;s-MS-II, 20 (i.d.)x250 mm, 5 um; flow rate: 10 mLmin™"
UV detection: 195 nm; retention time: 16 min). The desired fraction was
collected into a flask containing 25 % ascorbic acid (200 uL), and the or-
ganic solvent was removed under the reduced pressure. The desired radi-
otracer was dissolved in a mixture of polysorbate 80, propylene glycol,
and saline (0.1:1:10 v/v/v, 4mL). The total synthesis time including
HPLC purification and radiopharmaceutical formulation for intravenous
administration was 33 min. The isolated radioactivity was 5.0 GBq at the
end of synthesis, and the specific radioactivity was 34 GBqumol™. The
chemical identity of ["'C}]Ibuprofen was confirmed by co-injection with
the authentic sample of Ibuprofen on analytical HPLC (mobile phase:
acetonitrile/0.1 % phosphoric acid 60:40; column: COSMOSIL, 5C;g-MS-
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I, 46 (i.d)x150mm, 5um; flow rate: 1 mLmin™'; UV detection:
210 nm; retention time: 5.8 min). The chemical purity analyzed at 210 nm
and the radiochemical purity of ["'C]Ibuprofen were greater than 99 %.

Radiosynthesis of ["'C]Naproxen (8): The radiosynthesis method was
similar to that of ['Cl]Ibuprofen (7). [''C]'Naproxen was purified by
semi-preparative HPLC (mobile phase: acetonitrile/10 mm sodium phos-
phate buffer (pH 7.4) 22:78; column: COSMOSIL, 5C;s-MS-1J, 20 (i.d.) x
250 mm, 5 um; flow rate: 10 mLmin~!; UV detection: 200 nm; retention
time: 19 min). The total synthesis time including HPLC purification and
radiopharmaceutical formulation for intravenous administration was
37 min. The isolated radioactivity was 2.7 GBq at the end of synthesis
and the specific radioactivity was 30 GBqpmol™. The chemical identity
of [M'C]Naproxen was confirmed by co-injection with the authentic
sample of Naproxen on analytical HPLC (mobile phase: acetonitrile/1%
phosphoric acid 50:50; column: COSMOSIL, 5C;&-MS-II, 4.6 (i.d.)x
150 mm, 5 pm; flow rate: 1 mLmin™; UV detection: 254 nm; retention
time: 5.2 min). The chemical purity analyzed at 254 nm and the radio-
chemical purity were greater than 99 %.

Radiosynthesis of ['C]Flurbiprofen (9): The radiosynthesis method was
similar to that of ['C]Ibuprofen (7). ["*C]Flurbiprofen was purified by
semi-preparative HPLC (mobile phase, acetonitrile/10 mm sodium phos-
phate buffer (pH 7.4) 33:67; column: COSMOSIL, 5C;s-MS-IT, 20 (i.d.)x
250 mm, S pm; flow rate: 10 mLmin~'; UV detection: 254 nm; retention
time: 14 min). The total synthesis time including HPLC purification and
radiopharmaceutical formulation for intravenous administration was
40 min. The isolated radioactivity was 3.5 GBq at the end of synthesis
and the specific radioactivity was 47 GBqumol™". The chemical identity
of ["'C]Flurbiprofen was confirmed by co-injection with the authentic
sample of Flurbiprofen on analytical HPLC (mobile phase: acetonitrile/
1% phosphoric acid 50:50; column: COSMOSIL, 5C;s-AR-I1, 4.6 (i.d.) x
100 mm, 5 um; flow rate: 1 mLmin™'; UV detection: 254 nm; retention
time: 6.0 min). The chemical purity analyzed at 254 nm and the radio-
chemical purity were greater than 99%.

Radiosynthesis of ["'C]Fenoprofen (10): The radiosynthesis method was
similar to that of [''C]Ibuprofen (7). [''C]Fenoprofen was purified by
semi-preparative HPLC (mobile phase, acetonitrile/10 mm sodium phos-
phate buffer (pH 7.4) 20:80; column: COSMOSIL, 5C;s-MS-IL, 20 (i.d.)x
250 mm, 5 um; flow rate: 10 mLmin~!; UV detection: 206 nm; retention
time: 16 min). The total synthesis time including HPLC purification and
radiopharmaceutical formulation for intravenous administration was
40 min. The isolated radioactivity was 6.0 GBq at the end of synthesis
and the specific radioactivity was 25 GBqpmol™. The chemical identity
of ['C]Fenoprofen was confirmed by co-injection with the authentic
sample of Fenoprofen on analytical HPLC (mobile phase: acetonitrile/
0.1% phosphoric acid 45:55; column: COSMOSIL, 5C-AR-II, 4.6
(i.d.)x 100 mm, 5 pm; flow rate: 1 mLmin™"; UV detection: 220 nm; re-
tention time: 8.4 min). The chemical purity at 220 nm was more than
98% and the radiochemical purity of [''C]Fenoprofen was greater than
99%.

Radiosynthesis of ["'C]Ketoprofen (11): The radiosynthesis method was
similar to that of ["'C]Ibuprofen (7). [''C]Ketoprofen was purified by
semi-preparative HPLC (mobile phase: acetonitrile/10 mm sodium phos-
phate buffer (pH 7.4) 30:70; column: COSMOSIL, 5C;s-MS-11, 20 (i.d.) x
250 mm, 5 um; flow rate: 10 mLmin™; UV detection: 254 nm; retention
time: 9.7 min). The total synthesis time including HPLC purification and
radiopharmaceutical formulation for intravenous administration was
28 min. The isolated radioactivity was 3.8 GBq at the end of synthesis
and the specific radioactivity was 40 GBqpumol™. The chemical identity
of ["'C]Ketoprofen was confirmed by co-injection with the authentic
sample of Ketoprofen on analytical HPLC (mobile phase: acetonitrile/
0.1% phosphoric acid 40:60; column: COSMOSIL, 5C-AR-II, 4.6
(i.d.)x 100 mm, 5 pm; flow rate: 1mLmin™Y; UV detection: 254 nm; re-
tention time: 6.2 min). The chemical purity at 254 nm and the radiochem-
ical purity were greater than 99 %.

Radiosynthesis of [C]Loxoprofen (12): The radiosynthesis method was
similar to that of [M'C]Ibuprofen (7). ["'C]Loxoprofen was purified by
semi-preparative HPLC (mobile phase: acetonitrile/10 mm sodium phos-
phate buffer (pH 7.4) 20:80; column: COSMOSIL, 5C;-MS-IT, 20 (i.d.)x
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250 mm, 5 pm; flow rate: 10 mLmin~'; UV detection: 220 nm; retention
time: 16 min). The total synthesis time including HPLC purification and
radiopharmaceutical formulation for intravenous administration was
42 min. The isolated radioactivity was 2.0 GBq at the end of synthesis
and the specific radioactivity was 28 GBqumol~'. The chemical identity
of ["'C]Loxoprofen was confirmed by co-injection with the authentic
sample of Loxoprofen on analytical HPLC (mobile phase: acetonitrile/
0.1% phosphoric acid 60:40; column: COSMOSIL, 5C-AR-II, 4.6
(i.d.)x 100 mm, 5 um; flow rate: 1 mLmin~!; UV detection: 220 nm; re-
tention time: 6.6 min). The chemical purity at 220 nm and the radiochem-
ical purity were greater than 99 %.

Experimental animals: The animals were kept in a temperature- and
light-controlled environment and had ad libitum access to standard food
and tap water. All experimental protocols were approved by the Ethics
Committee on Animal Care and Use of the Center for Molecular Imag-
ing Science in RIKEN, and were performed in accordance with the Prin-
ciples of Laboratory Animal Care (NIH publication no. 85-23, revised
1985).

Generation of neureoinflammation in rats: Male Sprague-Dawley rats
(CLEA Japan, Tokyo, Japan) that weighed approximately 300 g received
an injection of lipopolysaccharides (LPS) from Escherichia coli 026:B6
(Sigma, St. Louis, MO, USA) into the left striatum. Briefly, animals were
anesthetized with 50 mgkg™ sodium pentobarbital and stereotaxically in-
jected with LPS into the left striatum with a Hamilton syringe (anterior:
+0.2, lateral: +3.2, ventral: —5.5 mm from bregma). Animals were re-
turned to their home cages after the surgery and were housed for 1 day
following LPS injection.

PET studies: Rats were anesthetized with a mixture of 1.5% isoflurane
and nitrous oxide/oxygen (7:3) and then placed on the PET scanner
gantry (microPET Focus 220, Siemens Co., Knoxville, TN, USA). The
PET scanner has a spatial resolution of 1.4 mm in FWHM at the center
of the field of view at 220 mm in diameter and an axial extent at 78 mm
in length. After intravenous bolus injection of 2-aryl["'C]propionic acid
or 2-aryl[""C]propionic acid methyl ester (ca. 70 MBq per animal) by
means of a venous catheter inserted into the tail vein, a 45 min emission
scan was performed. In the blocking experiment, unlabeled compound
(10 mgkg™) was simultaneously injected with radiotracers. Emission data
were acquired in list mode, and the data were reconstructed with stan-
dard 2D filtered back projection (Ramp filter, cutoff frequency at 0.5
cycles per pixel). Regions of interest (ROI) were placed on the LPS-in-
jected side and the contralateral side of striatum by using image process-
ing software (Pmod ver.3.0, PMOD Technologies Ltd, Zurich, Switzer-
land) with reference to the rat MRI. Regional uptake of radioactivity in
the brain was decay-corrected to the injection time and expressed as the
standardized uptake value (SUV), normalized for injected radioactivity
and body weight.

Ex vivo autoradiography: Fifty minutes after tracer injection, rats were
euthanized and were perfused with saline under deep anesthesia with
1.5% isoflurane. Their brains were quickly removed, and 2 mm thick co-
ronal sections were prepared by using a brain matrix (RBM-2000C, ASI
Instruments, Warren, MI, USA) at 4°C. These brain sections were then
placed in contact with imaging plates (BAS SR-2040; FUJIFILM, Tokyo,
Japan) for 1h. Autoradiograms were obtained and quantified by using a
Bio-Imaging Analyzer System (FLA7000; FUJIFILM). Radioactivity
levels in the brain regions were measured and expressed as photostimu-
lated luminescence (PSL)/area [mm?].

Radioactive metabolite analysis in brain and blood after administration
of [M'C]5 to normal rats: Male Sprague-Dawley rats weighing around
200 g (n=9) were anesthetized with 1.5% isoflurane before administra-
tion of the radiotracers. After intravenous injection of ["C]5 (ca.
110 MBg per animal) into the rats, blood sampling was performed, and
the blood flow was terminated by transection of the abdominal aorta and
vein after 2, 5, and 10 min. The brain was removed quickly and subse-
quently frozen in liquid nitrogen, and then the mixture was homogenized.
Two-fold volumes of acetonitrile were added to blood or brain homoge-
nate aliquot, and then the resulting mixture was centrifuged at
12,000 rpm for 2 min at 4°C. The supernatant was evaporated, reconsti-
tuted with HPLC mobile phase, and then analyzed for radioactive com-
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ponents by using an HPLC system (Shimadzu Corporation, Kyoto,
Japan) with a coupled NaI(TI) positron detector UG-SCA30 (Universal
Giken, Kanagawa, Japan) to measure intact radiotracer and its acid form.
A fast-gradient condition created with two switching pumps was used to
analyze the samples. An Atlantis T3 column (4.6 (i.d.) x50 mm; Waters,
Milford, MA, USA) was used as a reverse-phase analytical column, and
a flow rate of 2.0 mLmin~' of methanol/water (28:72, v/v) containing
10 mm ammonium acetate (pH 7.2) was the initial condition used. After
0.3min of the sample injection, the ratio of acetonitrile/water was
changed to 80:20 (v/v) linearly for 2.2 min and maintained for the next
2.0 min. The columns were then washed with acctonitrile/water (28:72, v/
v) containing 10 mm ammonium acetate (pH 7.2). The elution was moni-
tored by UV absorbance at 254 nm and coupled Nal positron detection.
The amount of radioactivity associated with intact radiotracer and its
acid form was calculated as a percentage of the total amount of radioac-
tivity.
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Abstract. Before induced pluripotent stem cells (iPSCs) can be used to treat neurologic diseases, human iPSC-derived neural
cells must be analyzed in the primate brain. In fact, although mouse and human iPSCs have been used to generate dopaminergic
(DA) neurons that are beneficial in rat models of Parkinson’s disease (PD), human iPSC-derived neural progenitor cells (NPCs)
have not been examined in primate brains. Here, we generated NPCs at different stages of predifferentiation using a feeder-free
culture method, and grafted them into the brains of a monkey PD model and NOD-SCID mice. Magnetic resonance imaging
(MRI), positron emission tomography (PET), immunocytochemistry, and behavioral analyses revealed that NPCs pretreated with
Sonic hedgehog and fibroblast growth factor-8 followed by glial cell-derived neurotrophic factor, brain-derived neurotrophic
factor, ascorbic acid, and dibutyryl cyclic AMP resulted in smaller grafts than those without these treatments, and survived as
DA neurons in a monkey brain as long as six months. Thus, for the first time, we describe a feeder-free neural differentiation
method from human iPSCs and an evaluation system that can be used to assess monkey PD models.

Keywords: Induced pluripotent stem cells, Parkinson’s disease, transplantation, dopaminergic neurons, positron emission

tomography

INTRODUCTION

Induced pluripotent stem cells (iPSCs) are a promis-
ing avenue for cell replacement therapy in neurologic
diseases. For instance, mouse and human iPSCs have
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jbtaka@frontier.kyoto-u.ac.jp.

been used to generate dopaminergic (DA) neurons that
improve symptoms in rat Parkinson’s disease (PD)
models [1, 2]. For these cells to be used clinically,
however, the growth, differentiation, and function of
human iPSC-derived neural cells must be evaluated in
a primate model. Transplantation of embryonic neural
tissues has been shown to relieve parkinsonian symp-
toms both in animal models and human patients [3-5].
In addition, we and others have transplanted monkey
embryonic stem cell-derived neural progenitor cells
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(NPCs) [6, 7] or human NPCs [8] into the brains of
monkey PD models. Human iPSC-derived NPCs have
yetto be characterized in a primate brain, however. Fur-
thermore, neuronal differentiation and transplantation
methods need to be optimized. In this study, we devel-
oped a series of methods to induce human iPSCs to
become NPCs using a feeder-free culture method, and
grafted NPCs at different stages of predifferentiation
into the brain of a monkey PD model. We then exam-
ined the growth and DA activity of the grafts using
magnetic resonance imaging (MRI), positron emis-
sion tomography (PET), immunocytochemistry, and
behavioral analyses.

MATERIALS AND METHODS
Human iPSC culture

Human iPSCs (253G4) were maintained as previ-
ously described [9]. For passage, feeder cells were
detached using CTK dissociation solution (0.25%
trypsin, 0.1% collagenase IV, 20% KSR, and 1 mM
CaCly in PBS). The detached iPSC clumps were
broken into smaller pieces (20-30 cells) by gentle
pipetting, and split at 1:3. The cells were used in
experiments between passage 20 and 50.

Induction of NPCs from human iPSCs

Human iPSCs were dissociated into single cells
using Accumax (Innovative Cell Technologies) and
quickly reaggregated in differentiation medium (9000
cells/150 ml/well) in 96-well low cell-adhesion plates
(Lipidure-Coat U96 w; Nunc). Differentiation medium
contained DMEM/F12 supplemented with 5% KSR,
2mM glutamine, 0.1 mM nonessential amino acids,
and 0.1mM 2-mercaptoethanol. For the first three
days, 50 uM Y-27632 (Wako) [10, 11], 2 uM dor-
somorphin, and 10 uM SB-431542 [12] were added
to the culture medium. On day 14, iPSC-derived
spheres were replated on 6-cm Petri dishes con-
taining neurobasal medium (Gibco) supplemented
with B-27 and 2mM L-glutamine. For the indi-
cated samples, 200 mg/ml Sonic hedgehog (Shh) and
100mg/ml fibroblast growth factor (FGF)-8 were
added on days 14-28. After day 28, the medium was
replaced with neurobasal medium supplemented with
B-27, 2mM L-glutamine, 2ng/ml glial cell-derived
neurotrophic factor (GDNF), 10ng/ml brain-derived
neurotrophic factor (BDNF), 1 mM dibutyryl cyclic
AMP (dbcAMP), and 200 nM ascorbic acid.
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Quantitative reverse transcription-polymerase
chain reactions (RT-PCRs)

Total RNA was extracted using an RNeasy Mini
Kit (Qiagen), and reverse transcribed using the Super
Script III First-Strand Synthesis System (Invitrogen).
Quantitative PCRs were carried out with SYBR Green
mix (ABI) and the ABI StepOne Plus RT-PCR system.
Data was assessed using a standard curve and normal-
ized based on 3-actin expression. Primer sequences are
shown in supplementary Table 1.

Immunocytochemistry

In vitro immunohistochemical analyses were carried
out after samples were permeabilized and blocked with
0.3% Triton X-100 and 2.5% donkey serum. Spheres
were fixed with 4% paraformaldehyde, frozen, and cut
with a cryostat (Leica) at 10-um thickness. Primary
antibodies are shown in supplementary Table 2. Appro-
priate donkey secondary antibodies conjugated with
Alexa 488 or Alexa 594 were used. For nuclear stain-
ing, 200ng/ml 4’,6-diamidino-2-phenylindole was
added to the final wash. Immunoreactive cells were
visualized using a fluorescence microscope (BZ-9000,
Keyence) and a confocal laser-scanning microscope
(Fluoview FV1000D, Olympus). For quantification,
cells in more than three randomly selected 40x fields
were counted from at least three independent cultures.
In in vivo studies, animals were transcardially per-
fused with 4% paraformaldehyde. The excised brain
was frozen, cut with a microtome at 40-pm thickness,
and stained as free-floating sections. In mice, tyrosine
hydroxylase (TH)™ cells and Ki677 cells were counted
among 3.0 x 103 cells in at least five 40x fields for
each graft. In the monkey, TH™ cells were counted in
every ninth section throughout the graft using BZ Ana-
lyzer II (Keyence), whereas Ki67* cells were counted
in at least three 40 xfields for one tract and 3.0 x 10*
cells were examined in each graft. Hematoxylin—eosin
(H-E) staining was performed according to standard
procedures.

Animals and cell transplantation

An adult male cynomolgus monkey (Macaca
fascicularis; 3 years old) weighing 2.63kg was
obtained from Shin Nippon Biomedical Laboratories
(Kagoshima, Japan). The monkey and mice were cared
for and handled according to the Guidelines for Animal
Experiments of Kyoto University and the Guide for the
Care and Use of Laboratory Animals of the Institute
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of Laboratory Animal Resources (Washington, DC,
USA). To create a parkinsonian model, the monkey
was injected intravenously with 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) HCI (0.4 mg/kg as
a free base; Sigma-Aldrich) twice a week until we
observed persistent parkinsonian symptoms, such as
tremor, bradykinesia, and impaired balance. Stable
parkinsonian symptoms were observed for more than
12 weeks before the animal was used for the experi-
ments. The coordinates of the targets were obtained
using MRI, and human iPSC-derived NPCs were
stereotactically transplanted into the bilateral putamen
of the MPTP-treated monkey (d28 spheres on the right
side, d42 spheres on the left side). The sphere sus-
pension was prepared at 1 x 10° cells/pl, and 1 ul of
this suspension was injected along six tracts on each
side (four injection sites/tract; 4.8 x 10° cells/animal).
After surgery, the monkey was given antibiotics
for three days and a daily intravenous immuno-
suppressant (FK506, 0.05mg/kg; Astellas Pharma)
until sacrifice. Average trough values of circulating
FK506 were 14.0ng/ml (n=3). Five-week-old male
NOD/ShiJic-scid/Jcl mice (CLEA Japan) were also
used as transplant recipients. Using a 26-gauge nee-
dle, each mouse received a stereotactic injection of 1 .l
of cell solution (253G4-derived cells: 1 x 10° cells/pl)
in the right side of the striatum (from the Bregma:
A +0.5, L +1.8, V +3.0, incisor bar 0). Six months
after transplantation, the animals were sacrificed and
analyzed.

MRI

T1- and T2-weighted images were obtained using
a 3-Tesla MRI scanner (Siemens Healthcare) and an
8-channel receiving coil (see Supplementary Methods
for details of the MRI scans). Graft volume was ana-
lyzed using Functional Magnetic Resonance Images
of Brain (FMRIB) Software Libraries [13]. In T1-
and T2-weighted images, nonbrain structures were
removed using the Brain Extraction Tool [14] and were
coregistered with each other based on rigid body trans-
formation using FMRIB’s Linear Registration Tool
[15]. Next, to identify the graft region, we subjected
T1- and T2-weighted images to automated segmen-
tation using the Fast Automated Segmentation Tool
[16], which is based on a hidden Markov random field
model and an associated expectation—maximization
algorithm. We segmented and searched a multichannel
set of T1- and T2-weighted images of different tis-
sue types. This process reproducibly identified white
matter, gray matter, cerebrospinal fluid (CSF) space

(plus graft region, if any), and putamen. Next, partial
volume images for the CSF plus graft were thresholded
at 30%, binarized, and manually edited to remove the
CSF region. The resulting segment image of the graft
was used to calculate the graft volume.

PET

A bolus of 6-['8F]fluoro-L-3,4-dihydroxyphenyl-
alanine  ([!F]DOPA), ['!C]dihydrotetrabenazine
([(MCIDTBZ), (E)-N-(3-iodoprop-2-enyl)-2R-carbo
(1 Clmethoxy-3B-(4-methylphenyl)nortropane ( 1y
PE2I), or 3'-deoxy-3'-['®F]fluorothymidine (['3F]
FLT) (37MBg/kg in 2.0ml of saline) was intra-
venously delivered within 10 sec under anesthesia via
continuous infusion of propofol (10-20mg/kg/hr).
For ['8FJDOPA PET scans, a solution of carbidopa
(10mg/kg) was administered intravenously 5min
prior to the scan to minimize peripheral decarboxyla-
tion of ['®FJDOPA. PET images were acquired using
a microPET Focus-220 system (Siemens Healthcare)
with a scan duration of 90 min in three-dimensional
list mode (see Supplementary Methods for preparation
steps and image analysis). The axial and transaxial
resolutions of the PET scanner were 1.35mm at
full-width half-maximum. Transmission scanning was
performed for 30 min with a rotating 68Ge-68Ga pin
source (18.5 MBq) to determine the attenuation factor
for image reconstruction just before an emission
scan. PET images of [!8F]JFLT summed over 60 min
(30-90min after the injection) were converted into
standardized uptake values and used for further
imaging analysis. To determine anatomic locations,
PET images were coregistered onto magnetic reso-
nance images using a three-dimensional rigid-body
alignment program from image analysis software
(PMOD).

Behavioral analysis

The behavior of the monkey was evaluated accord-
ing to a previously described rating scale for monkey
PD models [6]. The normal and minimum score is 0,
whereas the maximum total score is 24. The evalua-
tion was performed by a trained examiner who was
not involved in the cell transplantation procedure.
Spontaneous movements were measured as previously
described [17]. Video records were analyzed using
the Vigie Primates video-based analysis system (View
Point, Lyon, France), and changes in pixels from
one image to the next were counted every 66.67 ms.
Movements were categorized into one of three levels
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based on the number of pixel changes per 66.67 ms
(large: more than 501 pixels; medium: 101 to 500 pix-
els; small: less than 100 pixels). The total time spent
making each type of movement was then determined.
During the raisin pick-up test, the monkey was placed
in a special cage with a small slit through which it could
pick up a raisin placed 20 cm from the cage. During a
single session, the monkey reached for 20-24 raisins
(10-12 raisins on each side).

Dopamine release assay

Accutase  (Innovative  Cell  Technologies)
was used to dissociate d28 spheres into small
pieces, which were cultured on poly-L-ornithine/
laminin—coated culture dishes with neurobasal/B-27
media containing BDNF, GDNF, dbcAMP, and ascor-
bic acid. Fourteen days later, cells were washed twice
with low-concentration KCl solution (20 mM HEPES-
NaOH at pH 7.4, 140 mM NacCl, 4.7 mM KCl, 2.5 mM
CaClp, 1.2mM MgSO0y4, 1.2 mM KH, POy, and 11 mM
glucose) and incubated in the low-concentration KCl
solution for 2min. The medium was subsequently
replaced with 1 ml of high-concentration KCI solution
(20mM HEPES-NaOH at pH 7.4, 85mM NaCl,
60mM KCl, 2.5 mM CaClp, 1.2 mM MgS0O4, 1.2 mM
KH,POy4, and 11 mM glucose) and the samples were
incubated for 15 min. The solution was then collected
and the dopamine concentration was determined
using high-performance liquid chromatography
(HPLCQ), including a reverse-phase column and an
electrochemical detector system (HTEC-500, Eicom,
Japan). Data were obtained from three independent
experiments.

Flow cytometry

Cells were harvested on day 14 using Accumax,
gently dissociated into single-cell suspensions, and
resuspended in phenol-free HBSS (Gibco) containing
1% bovine serum albumin and 0.03% NaNs. Samples
were filtered through cell strainer caps (35-um mesh;
BD Biosciences) and subjected to surface marker stain-
ing using anti-PSA-NCAM antibodies (Chemicon).
Primary antibodies were added, the samples were incu-
bated at 4°C for 30min, and the cells were washed
twice with HBSS buffer. Secondary antibodies were
then added and the samples were incubated at 4°C for
30min. Dead cells and debris were excluded based
on 7-AAD staining. Analyses were performed using a
FACSAuriall cell sorter and FACSDiva software (BD
Biosciences).
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Statistical analysis

Statistical analyses were performed using a com-
mercially available software package (GraphPad
Prism, GraphPad Software). Data were analyzed using
one-factor ANOVA and Tukey’s post-hoc analysis,
except for the raisin pick-up test (Fig. 6E; Student’s
t-tests). Differences were considered statistically sig-
nificant when P<0.05 (*P<0.05, **P<0.01, or
***P <0.001).

RESULTS

Neural differentiation from human iPSCs using
serum-free floating cultures

To generate NPCs, we cultured human iPSCs
(253G4) [9] as floating spheres in serum-free medium,
such that the cell suspension (9000 cells/well) formed
one sphere in each well (Fig. 1A). On day 7, the
spheres contained primarily Pax6™ neuroepithelial
cells (Fig. 1B) and a small number of Oct3/4™ cells
(Fig. 1C). On day 14, almost all cells were immunopos-
itive for both Nestin and Pax6 (Fig. 1D), whereas
a small population expressed Tujl (Fig. 1E) and no
Oct3/4% or Nanog™ cells were observed (data not
shown). Furthermore, flow cytometric analysis on day
14 detected the neural cell surface marker PSA-NCAM
on 99.8+0.1% of the cells (Fig. 1F), indicating that
the cells were committed to a neural lineage. We then
replaced the culture medium with neurobasal medium,
and continued the floating culture in the presence or
absence of Shh and FGFS8. After a 2-week expansion
period (days 14-28), immunocytochemistry revealed
that most of the cells were Tuj1* and 3.14 £1.38%
of them were TH' on day 28 (Fig. 1G, H, K). Next,
we removed Shh and FGF8, and added BDNF, GDNF,
ascorbic acid, and dbcAMP to promote maturation of
DA neurons. After another 2-week expansion period
(days 28-42), the percentage of TH™ DA neurons
among the Tuj1™ neurons in the spheres increased to
85.46 £ 3.13% (Fig. 1I-K). Quantitative RT-PCR anal-
yses revealed that expression of undifferentiated cell
markers (Oct3/4, Nanog) decreased, whereas expres-
sion of neural cell markers (Sox1, Pax6) markedly
increased between days 0 and 14 (Fig. 1L; supplemen-
tary Figure 1). Between days 14 and 42, expression
levels of TH gradually increased, indicating that the
cells moved to a DA fate. Together with neural differ-
entiation, expression levels of introduced genes (Sox2,
KIf4) increased slightly, whereas c-Myc expression did
not markedly change (supplementary Figure 1). Based
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Fig. 1. Neural differentiation using human iPSCs in floating culture. (A) Protocol for the feeder-free floating culture with phase-contrast images
of the cells or spheres on days 0, 14, and 28. (B—E) Double- or triple-immunolabeled d7 spheres (B and C) or d14 spheres (D and E). In B
and D, Nestin and Pax6 labeling is shown in green and magenta, respectively. In C, Oct3/4 labeling is represented by green, whereas Tujl
labeling is denoted in green in E. Scale bars, 100 wm. (F) Fluorescence-activated cell sorting analysis of the expression of the neural cell marker
PSA-NCAM on day 14. The red line denotes the negative control samples. (G-J) Double-immunolabeled spheres on days 21 (G), 28 (H), 35 (),
and 42 (7). Tuj1 labeling and TH labeling are shown in green and magenta, respectively. Scale bars, 50 wm. (K) Percentages of TH* cells among
the Tuj1™ cells. Data are presented as means + SEM (**P<0.001, ANOVA). (L) Time-course analysis of pluripotent cell (Oct3/4%, Nanog™),
NPC (Sox1%), and DA neuron (TH™T) markers using quantitative RT-PCRs. Expression levels in iPSCs before differentiation (DO) were set to 1,
and the relative expression levels are presented as means + SEM. Samples were incubated with (+) or without (-) Shh and FGFS8 between day
14 and day 28. (M) Phase-contrast and (N, O) immunofluorescence images of differentiated iPSCs on poly-L-ornithine/laminin—coated slides.
Scale bars, 50 pm. (P) HPLC analysis showing dopamine release in culture medium containing differentiated iPSCs following KCl-evoked

depolarization.
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on these results, we compared spheres obtained on day
28 (d28 spheres) and day 42 (d42 spheres) in in vivo
experiments.

To assess the development of the human iPSC-
derived NPCs in our neural differentiation system,
we induced DA maturation by culturing d28 spheres
on poly-L-ornithine/laminin—coated slides in the pres-
ence of BDNF, GDNEF, ascorbic acid, and dbcAMP.
Two weeks later, the cells extended Tujl™ neurites
and most cells were THT (Fig. 1M-0). In addition,
HPLC revealed that the cells secreted dopamine into
the culture medium in response to high potassium
concentrations (196 & 138 pg/ml; Fig. 1P). Thus, our
system produced functional DA neurons from human
iPSCs without feeder cells.

Graft growth in NOD-SCID mice

We then compared growth and DA cell differentia-
tion in d28 and d42 spheres in the brains of NOD-SCID
mice. Spheres with or without Shh and FGFS treat-
ment (days 14-28; Fig. 1A) were grafted into the right
striatum, and the animals were subjected to immuno-
histologic studies at 6 months. Grafts derived from
d28 spheres (d28 grafts) were significantly larger than
d4?2 grafts (Fig. 2A, B, E). iPSC-derived TH* cells
were observed in these grafts, which also expressed the
midbrain DA neuron marker Nurrl (Fig. 2C, D). Sig-
nificantly more TH™ cells were observed in d28 grafts
without Shh and FGFS8 treatment than in d42 grafts
with Shh and FGF8 treatment (Fig. 2F), although no
significant differences were noted for TH™ cell density
in the grafts (Fig. 2G).

Graft growth in an MPTP-treated monkey

We grafted d28 and d42 spheres into the right
and left putamina, respectively, of an MPTP-treated
cynomolgus monkey (Fig. 3A). Six months after trans-
plantation, MRI showed that grafted cells survived and
proliferated in the monkey brain (Fig. 3B). Because
MRI of the grafts matched results obtained from H-E
staining of brain slices (supplementary Figure 2),
we used MRI to measure graft sizes in each tract
(Fig. 3C, supplementary Figure 3). For d28 grafts,
cells treated with Shh and FGFS resulted in signif-
icantly larger grafts (172.2543.07mm3, P<0.001)
than those obtained with untreated d28(-) cells
(39.21 £ 6.18 mm?). In contrast, d42 grafts were sig-
nificantly smaller than d28(+) grafts, and did not
significantly differ based on Shh and FGF8 treatment
(19.36 £8.28 mm> and 22.79+9.72mm’ with and
without Shh and FGFS, respectively). Between 3 and
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6 months, the average doubling times of the d28 grafts
with and without Shh and FGF8 were 101 days and 257
days, respectively, whereas those of the d42 grafts were
271 days (the L4 graft was omitted because it stopped
expanding) and 148 days, respectively (supplementary
Figure 3). In each case, the doubling time between
3 and 6 months post-transplantation was longer than
that observed between 1 and 3 months, indicating
that the grafts were expanding more slowly. PET with
['®F]FLT—a fluorinated thymidine analog—has been
previously used to evaluate cell proliferation, for exam-
ple, in the diagnosis of malignant brain tumors [18].
In this study, however, focal uptake of ['®F]FLT was
not observed in the 6 months after transplantation
(Fig. 3D), and standard uptake values in representative
grafts ranged between 0.04 and 0.11 (Fig. 3E). Based
on an average standard uptake value of 0.12 in the
preoperative monkey, these values were relatively low.

H-E staining showed more cell accumulation in
d28 grafts (Fig. 4A) than in d42 grafts (Fig. 4D).
In addition, immunohistochemical analyses revealed
more Vimentin' cells and fewer Nestin™ cells in d28
grafts (Fig. 4B, C) than in d42 grafts (Fig. 4E, F).
Interestingly, these immature cells were located in the
graft core. The percentage of cells expressing Ki67, a
marker of proliferating cells, was significantly higher
in d28 grafts than in d42 grafts (0.84+£0.02% vs.
0.23 +0.13%; Fig. 4G). Ki67* cells in d28 grafts were
also immunopositive for Vimentin (Fig. 41), indicating
that immature neural or mesenchymal cells were pro-
liferating. In contrast, Ki67* cells in the d42 grafts
were also Nestin™ (Fig. 4H), indicating that some of
the grafted cells were still NPCs and a few were pro-
liferating.

DA activity in grafts in an MPTP-treated monkey

Next, we examined in vivo differentiation of the
grafted cells. TH™ cells were located in the periph-
ery of each graft (Fig. 5A, B), and the density of TH*
cells was higher in d42 grafts treated with Shh and
FGF8 (Fig. 5C, D; supplementary Figure 4). The total
number of TH cells was 3.07 x 10% and 1.26 x 10° in
right and left side, respectively (Fig. 5C, supplemen-
tary Figure 4). These TH™ cells also expressed markers
for mature midbrain DA neurons, including Nurrl,
VMAT?2, DAT, Girk2, and Pitx3 (Fig. SE-I). The
results suggest that d42 spheres treated with Shh and
FGF8 efficiently generated midbrain DA neurons in
the monkey brain. Dopamine synthesis, vesicle trans-
port, and dopamine reuptake can be visualized in PET
studies using ['8F]DOPA, [ CIDTBZ, and [} C]PE2I,
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Fig. 2. Growth and differentiation of human iPSC-derived NPCs in mouse brains. (A, B) Representative immunofluorescence images of d28 (A)
and d42 (B) grafts with Shh and FGF8 treatment. Human nuclei are labeled green. Scale bars, 1 mm. (C, D) Representative TH cells (red) in
these grafts, expressing a human nucleus-specific antigen (green in C) or the midbrain DA neuron marker Nurr1 (green in D). Scale bars, 20 pm.
(E-G) Graft volume (E), number of TH™ cells/graft (F), and number of TH™ cells/mm? (G) in each condition are presented as means = SEM
(*P<0.05, ANOVA; n=4 and 7 for d28 grafts, 5 and 6 for d42 grafts with (+) or without (—) Shh and FGF8 treatment, respectively). All mice

were sacrificed and analyzed at 6 months after transplantation.
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Fig. 3. Growth of NPCs in a MPTP-treated monkey brain. (A) Schematic of the positions of the grafted cells with (+) or without (—) Shh and
FGFS8 treatment. (B) Axial magnetic resonance images of the monkey before and 1, 3, and 6 months after transplantation. (C) Graft volumes at 1,
3, and 6 months are presented as means £ SEM (¥##P <0.001, ANOVA). (D) A ['SF]FLT-PET image obtained at 6 months after transplantation.
(E) Standard uptake values obtained with ['®F]JFLT-PET at 1, 3, and 6 months after transplantation are presented as means & SEM. The striped

bar represents the average value from preoperative controls (n=3).

respectively [19, 20]. ['8F]DOPA-PET at 6 months
after transplantation revealed higher Ki values in the
d28 grafts, especially those treated with Shh and FGF8
(Fig. 5], M). This, however, may be a false-positive
result owing to detection of 3-O-methyl-6-[ 8F]fluoro-
L-DOPA (OMFD; see discussion). In [!C]DTBZ-
PET and [!!C]PE2I-PET, ligand binding in the anterior
putamen was relatively low (Fig. 5K, L). This finding
in the MPTP-treated monkey mirrors the pathology
of PD in humans, which is initially characterized by
impaired posterodorsal innervations [20]. Intriguingly,
the binding potential of ['! C]JPE2I increased after cell
transplantation in d42(+) grafts, suggesting DA cell
differentiation from the grafted NPCs (Fig. 5L, M).
Finally, we evaluated the behaviors of the MPTP-
treated monkey before and after NPC transplantation.
We employed a previously described behavioral rating
scale [6], and observed a slight improvement 6 months
after transplantation (Fig. 6A). We also performed
video-based analysis [17] of spontaneous movements
by the monkey. The percentages of time spent making
large- and medium-sized movements before transplan-
tation were 0.8% and 7.1%, respectively. Six months
later, the time spent making these types of movement
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increased to 1.0% and 8.9%, respectively (Fig. 6B).
The total amount of movement—measured based on
changes in video pixels during a 30-min period—also
increased after transplantation (898,690 to 995,642
affected pixels; Fig. 6C, D). To distinguish between
the effects in the right and left hemispheres, we per-
formed a video-based analysis of the monkey picking
up a raisin. We measured the duration of time spent
reaching, grasping, and retracting with each arm (sup-
plementary Figure 5). After 6 months, the monkey
grasped the raisin and retracted the right arm more
quickly (Fig. 6E). Although we did not detect a sta-
tistically significant difference, the observed results
may reflect more surviving DA neurons in the left
striatum.

DISCUSSION

In this study, we used NOD-SCID mice and an
MPTP-treated monkey to characterize transplanted
human iPSC-derived NPCs. Our results show that
human iPSCs incubated in feeder-free floating culture
generated functional midbrain DA neurons. Moreover,
only NPCs pretreated with Shh and FGF-8 followed by
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Fig. 4. Expression of immature cell markers in the grafts. (A) H-E staining and (B, C) immunofluorescence images of d28 grafts. Scale bars,
2 mm. (D) H-E staining and (E, F) immunofluorescence images of d42 grafts. Scale bars, 2 mm. (G) Percentages of Ki677 cells among total cells
are presented as means & SEM (**P<0.01, ANOVA). (I, H) Immunofluorescence images showing labeling of Ki67 (magenta) and Vimentin

(green in I) or Nestin (green in H). Scale bars, 50 pm.

GDNF, BDNF, ascorbic acid, and dbcAMP resulted
in a substantial number of functional DA neurons in
the monkey’s brain. Finally, MRI and PET allowed
real-time monitoring of in vivo cell proliferation and
activity.

In two recent studies, midbrain DA neurons were
induced to develop from human iPSCs, but the method
required coculture with mouse stromal feeder cells

[1, 2]. Our feeder-free differentiation method would
be more suitable if the cells are to be used clinically.
Our mouse and monkey studies demonstrated that d28
spheres resulted in larger grafts at 6 months, suggesting
that some NPCs remained immature and proliferated
in the brain. These results were consistent with a previ-
ous study showing that human embryonic stems cells
that differentiated into neurons on PA6 stromal feeder
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