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The ageing of the world’s population is the result of increased life expectancy observed in almost all countries throughout the
world. Consequently, a rising tide of ageing-associated disorders, like cancer and neurodegenerative diseases, represents one
of the main global challenges of the 21st century. The ability of mankind to overcome these challenges is directly dependent
on the capability to develop novel methods for therapy and diagnosis of age-associated diseases. One hallmark of age-related
pathologies is an altered tryptophan metabolism. Numerous pathological processes including neurodegenerative and
neurological diseases like epilepsy, Parkinson’s and Alzheimer’s diseases, cancer and diabetes exhibit marked changes in
tryptophan metabolism. Visualization of key processes of tryptophan metabolic pathways, especially using positron
emission tomography (PET) and related hybrid methods like PET/CT and PET/MRI, can be exploited to early detect the
aforementioned disorders with considerable accuracy, allowing appropriate and timely treatment of patients. Here we review
the published ''C- and '#F-labelled tryptophans with respect to the production and also preclinical and clinical evaluation as

PET-tracers for visualization of different branches of tryptophan metabolism.
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5-OH-4-FTrp — 5-hydroxy-4-fluorotryptophan,

1. Introduction 5-OH-6-FTrp — 5-hydroxy-6-fluorotryptophan,

Higher life expectancy in almost all countries throughout 5-HIAA — 5-hydroxy-3-indolacetic acid,
the world leads to the ageing of the population. Conse- 5-HIAL — 5-hydroxy-3-indolacetaldehyde,
quently, a rising tide of ageing-associated disorders, like 5-HT — serotonin,
cancer and neurodegenerative diseases, represents one of 5-HTOL — 5-hydroxytryptophol,
the main global challenges of the 21st century. The ability of 5-OH-Trp — 5-hydroxytryptophan,
mankind to overcome these challenges is directly dependent a7nACh receptor — o7 nicotinic acetylcholine receptor,
on the capability to develop novel methods for therapy and vITF — interferon-vy,
diagnosis of age-associated diseases. One hallmark of age- AADC — aromatic amino acid decarboxylase,
related pathologies is an altered tryptophan metabolism. ADH — alcohol dehydrogenase,
Tryptophan (Trp) is an essential proteinogenic amino acid, Ala — alanine,
which contains an indole ring in the side chain. Although ALDH2 — aldehyde dehydrogenase type 2,
Trp is the least abundant amino acid in animal proteins ALDR — aldehyde reductase,
(approx. 1.4%),! there are some Trp-rich proteins, such as AMT — a-methyltryptophan,
the translocator protein 18 kDa (TSPO), which contains ArBPin — aryl pinacol boronate,
6.8% —7.7% Trp.2 Apart from its incorporation into pro- ASC — alanine-, serine-, and cysteine-preferring trans-
teins, Trp serves mainly as a precursor for various metabolic ~ porter system,
pathways, which result in different important biomolecules BH4 — tetrahydrobiopterin,
such as serotonin, melatonin, niacin (vitamin B3) and Boc — tert-butyloxycarbonyl,
kynurenines.? c.a. — carrier added,
The following designations and abbreviations are used: CAM model — chicken chorioallantoic membrane
1-FETrp — 1-(2-fluoroethyl)tryptophan, model,
IMTrp — Nin-methyltryptophan, CAT — catalase,
2-CF3-Trp — 2-trifluoromethyltryptophan, ¢GMP — GMP (good manufacturing practice) conform,
3-HANA — 3-hydroxyanthranillic acid, CT — computed tomography,
3-HAO — 3-hydroxyanthranilate oxidase, DAO — D-amino acid oxidase,

3-HK — 3-hydroxykynurenine, DMA — N,N-dimethylacetamide,
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DMF — N,N-dimethylformamide, nBuOH — butan-1-ol,
ee — enantiomeric excess, n.c.a. — no carrier added,
Et — ethyl, n.d.c. — non-decay corrected,
FET — O-(2-fluoroethyl)tyrosine, NLGI919 — a-cyclohexyl-5H-imidazo[5,1-a]isoindole-

FTrp — fluorotryptophan,

FETrp — 1-(2-fluoroethyl)tryptophan,

GBq — gigabecquerel,

GCHI1 — GTP-cyclohydroxylase-1,

GE — General Electrics,

GPT — glutamic pyruvic transaminase,

HIOMT — hydroxyindole O-methyltransferase,

HPLC — high-performance liquid chromatography,

IDO — indoleamine 2,3-dioxygenase,

Indoximod — D-1MTrp; D-Nj,-methyltryptophan,

ITrp — iodotryptophan,

K2.2.2 4,7,13,16,21,24-hexaoxa-1,10-diazabi-
cyclo[8.8.8]hexacosane,

KAT — kynurenine aminotransferase,

keV — kiloelectronvolt,

K — Michaelis—Menten constant,

KMO — kynurenine 3-monooxygenase,

KYN — kynurenine,

KYNA — kynurenic acid,

KYNU — kynureninase,

LAT — L-amino acid transporter,

LC/MS — liquid chromatography —mass spectrometry,

LDA — lithium diisopropylamide,

MAO — monoamine oxidase,

MBq — megabecquerel,

MeCN — acetonitrile,

Me — methyl,

MeOH — methanol,

UWPET — microPET,

MRI — magnetic resonance imaging,

Nin — nitrogen of the indole ring,

NAD™* — nicotinamide adenine dinucleotide, oxidized
form,

NAS — N-acetylserotonin,

NAT — serotonin N-acetyltransferase,

5-ethanol,

NMDA — N-methyl-D-aspartate,

PET — positron emission tomography,

PiB — pittsburgh compound B; 2-(4-methylamino-
phenyl)-6-hydroxybenzothiazole,

Quin — quinolinic acid,

RCC — radiochemical conversion; RCC refers to the
amount of radiofluoride which is transformed to the desired
I18F-labelled compound. It is determined by radio-HPLC or
radio-TLC,

RCY — radiochemical yield; RCY refers to the isolated
yield of the radiochemically and chemically pure radio-
labelled compound,

Sn2 — bimolecular aliphatic nucleophilic substitution,

SNAr — aromatic nucleophilic substitution,

SPE — solid phase extraction,

Bu' — tert-butyl,

TBAF — tetrabutylammonium fluoride,

TDO — tryptophan-2,3-dioxygenase,

TEAF — tetraethylammonium fluoride,

TFA — trifluoroacetic acid,

TMEDA — N,N,N',N'-tetramethylethylendiamine,

TPH — tryptophan hydroxylase,

Trp — tryptophan,

TSPO — translocator protein 18 kDa,

Vmax — maximal velocity of the reaction,

Z-(R)-BMI (R)-(+)-1-(benzyloxycarbonyl)-2-zert-
butyl-3-methyl-4-imidazolidinone.

1.1. Kynurenine pathway

The kynurenine pathway is intimately linked to the immune
system. It has been speculated that it has evolved as a
defense strategy against viral and bacterial infections, based
on tryptophan depletion.* > The initial step is the oxidative
cleavage of the indole ring by tryptophan-2,3-dioxygenase

COzH  Indoleamine-2,3- COzH CO2H  Kynurenine OH
dioxygenase Form- aminotrans-
NH» (IDO1, IDO2) NH. amidase NH, ferase (KAT) X
Tryptophan-2,3- A\ \
\ dioxygenase (TDO) o 0 N/ COLH
N NHCHO NH; 2
H
Trp N-Formylkynurenine v\(\,age Kynurenine (KYN)
O
o
CO.H w® l Kynurenine 3-monoxygenase (KMO)
@ CO2H
NH2
Anthranilic acid NHz
O
HO NH2
l Kynureninase
CO,H Hydroxy-
anthranilic N CO.H
acid oxygenase (I — NAD*
NH2 = >
N COzH
3-Hydroxyanthranilic Sgén?gﬂ'iﬁ)

Figure 1. Kynurenine pathway.

acid (3-HANA)
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(TDO) or indoleamine 2,3-dioxygenase (IDO), which con-
verts Trp to N-formylkynurenine. The latter in turn is
metabolized to kynurenine by kynurenine formamidase
(Fig. 1). The two rate-limiting enzymes TDO and IDO are
localized complementary, with TDO being mainly expressed
in the liver, and IDO in other tissues.®” TDO plays an
essential role in the homeostasis of systemic Trp metabo-
lism?® and oxidizes 90% of body Trp under physiologic
conditions.” IDO is induced at sites of inflammation and
infection, depleting Trp from the local microenvironment.”
The kynurenine pathway metabolites regulate the immune
response during pregnancy, cancer, inflammation and auto-
immunity, but also with respect to commensal microorgan-
isms, e.g. in the gastrointestinal tract. Kynurenine
biosynthesis in the healthy brain is negligible.!® Instead,
peripheral kynurenine crosses the blood —brain barrier and
is further metabolized into active metabolites predomi-
nantly by glial cells, but also to some degree by neurons.
Under pathological conditions, IDO can be induced in
microglia by interferon-y-producing T helper cells.!!
Depending on the metabolic route, different kynurenine
metabolites form, which can act either as anti-inflammatory
and neuroprotective agents or as pro-inflammatory free
radical generators.

Cerebral kynurenine can be metabolized via three differ-
ent routes (see Fig. 1):

(1) KAT-branch: kynurenine aminotransferases (KAT)
catalyze transamination of kynurenine to form kynurenic
acid. The latter acts as an NMDA receptor antagonist,
a7nACh receptor antagonist and free radical scavenger, and
is considered neuroprotective. The KAT-branch is the
predominant pathway in astrocytes.!?

(2) KYNU-branch: kynureninase (KYNU) metabolizes
kynurenine to anti-inflammatory anthranilic acid. Owing to
the low affinity of kynurenine to KYNU, metabolism via
this branch occurs only at elevated kynurenine concentra-
tions. Anthranilic acid is a potent inhibitor of 3-hydroxy-
anthranilate oxidase (3-HAO), preventing the formation of
quinolinic acid via the KMO branch.!3

(3) KMO-branch: this branch is the main route of the
kynurenine pathway owing to the high affinity of kynur-
enine to kynurenine 3-monooxygenase (KMO). KMO
metabolizes kynurenine to a free radical generator,
3-hydroxykynurenine. 3-Hydroxykynurenine is, in turn,
converted to a second free radical generator, 3-hydroxyan-
thranilic acid, by KYNU. This intermediate further under-
goes non-enzymatic cyclization yielding quinolinic acid, an
excitotoxic NMDA receptor agonist. The latter is subse-
quently transaminated to generate niacin, and, finally, after
several additional steps, NAD*. Only microglia and macro-
phages produce quinolinic acid, while neurons predomi-
nantly synthesize the neuroprotective picolinic acid from
3-hydroxyanthranilic acid.!*

1.2. Serotonin synthesis

Serotonin (5-hydroxytryptamine) is a signalling molecule
which influences, through regulation of sensory and motor
processing, cognition and autonomous functions, all essen-
tial systems in the brain.'> The cell bodies of serotonergic
neurons are localized in the brainstem raphe nuclei, and a
dense network of axonal fibres covers all regions of the
brain. While only 5% of body serotonin is produced in the
brain, 95% is found in enterochromaffin cells in the gastro-
intestinal tract, where it plays a key role in sensory-motor

COzH COzH
Tryptophan Aromatic amino acid
NH, hydroxylase (TPH) HO NH, decarboxylase (AADC)
N Z N
H H
Trp 5-Hydroxytryptophan (5-HTP)
NH2 NHAc NHAc

Serotonin
N-acetyltransferase

_» HO wnAy
N
N
H

Serotonin (5-HT)

l Monoamine oxidase A (MAO A)

H Yuctqg,
; € (ALp
5-Hydroxyindoleacetaldehyde R)

(5-HIAL)

Figure 2. Serotonin pathways.
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and secretory functions and also in immune cell activa-
tion.16

Serotonin is synthesized from tryptophan in two steps
(Fig. 2): hydroxylation by tryptophan hydroxylase (TPH)
followed by decarboxylation by aromatic amino acid decar-
boxylase (AADC).!7” TPH is the rate-limiting enzyme; it
uses Fe2™ as a cofactor, as well as oxygen and tetrahydro-
biopterin (BH4) as co-substrates. In brain, activation of the
kynurenine pathway usually leads to decreased serotonin
synthesis (‘kynurenine shunt’).!® This is caused by reduction
of the tryptophan pool available for serotonin synthesis
owing to elevated IDO activity. Furthermore, under inflam-
matory conditions associated with activation of the KYN
pathway, increased activity of the enzyme GTP-cyclo-
hydroxylase-1 (GCH1) leads to a decreased level of BHg4,
thus limiting TPH activity.!'8

No serotonin-degrading enzymes are present in the
extracellular space. Consequently, serotonin reuptake is
required before metabolization. In neurons, serotonin is
deaminated by monoamine oxidase (MAO) affording
5-hydroxy-3-indolacetaldehyde (5-HIAL), which is further
oxidized to 5-hydroxy-3-indolacetic acid (5-HIAA) by alde-
hyde dehydrogenase type 2 (ALDH2) or reduced to
5-hydroxytryptophol (5-HTOL) by aldehyde reductase
(ALDR) or alcohol dehydrogenase (ADH). In the pineal
gland, serotonin is first acetylated to form N-acetylseroto-
nin by serotonin N-acetyltransferase, which is sequentially
methylated by hydroxyindole-O-methyltransferase to form
melatonin.'” Melatonin is a regulatory molecule, best
known for its influence on circadian rhythm and sleep
promotion, but which also has numerous other functions
related to energy metabolism and ageing.?-2!

1.3. Rationale for PET-imaging of Trp metabolism
Visualization of different tryptophan metabolic pathways is
highly relevant for clinical diagnostics owing to the involve-
ment of Trp and its metabolites in different physiological
and pathophysiological processes. For example, in neuro-
degenerative diseases, such as Alzheimer’s and Parkinson’s
disease, serotonin synthesis is often significantly downregu-
lated, while kynurenine metabolism is upregulated.??>~ 24 On
the other hand, in numerous tumours, serotonin metabo-
lism is strongly increased,?® which is often accompanied by
parallel upregulation of kynurenine metabolism used for
tumour escape.?® While serotonin and kynurenine metabo-
lism in tumours can be in principle determined from tissue
samples, this method is not applicable for monitoring the
progression of the disease (e.g. therapy response or forma-
tion of novel lesions) in the brain. The plasma kynurenine to
tryptophan ratio is therefore frequently used as an indirect
measure to estimate IDO activity.?”-2® However, this ratio is
influenced by numerous other factors ?® and is therefore not
a reliable surrogate marker for IDO activity. In contrast,
PET imaging can be used for the direct and repetitive
measurements of serotonin and kynurenine metabolism in
the same individual. Furthermore, it could not only serve as
a guiding tool for biopsy but also substantially improve
diagnostic accuracy and, consequently, patient care.
Widespread implementation of molecular imaging tech-
niques, especially positron emission tomography (PET) and
related hybrid methods like PET/CT and PET/MRI in
clinical practice have significantly contributed to a consid-
erable increase of diagnostic accuracy in recent years. PET
offers unique opportunities for a dynamic 3D-visualization
of physiological and pathophysiological events in vivo at the

molecular level. This imaging modality utilizes probes
labelled with positron emitting nuclides (PET tracers) inter-
acting specifically with molecular targets or biochemical
processes of interest. PET imaging of Trp metabolism using
11C-labelled Trp analogues has been shown to improve the
accuracy of primary diagnosis, staging and therapy follow-
up of tumours and neurological disorders.?-3° Neverthe-
less, the short half-life of ''C (¢, = 20 min), as well as the
laborious and time-consuming procedures for the pre-
paration of these tracers has so far prevented a broad
implementation of Trp-PET in clinical practice. In contrast,
I8F possesses a half-life of 109.7 min, which is more suitable
for both the synthesis and clinical application.

While numerous PET tracers specific for serotonin
receptors and transporters have been developed,3! tracers
for the visualization of serotonin synthesis and/or activity
of the KYN pathway are still rarely found.

Herein we review the published ''C- and '3F-labelled
Trp-based radiotracers, and analyze their suitability to
target the kynurenine and(or) the serotonin branches of
Trp metabolism. Furthermore, we briefly discuss the poten-
tial of ''C- and !8F-labelled Trp analogues as PET probes
for imaging of altered tryptophan metabolism in neuro-
logical and oncological diseases.

2. 11C-Labelled tryptophans and tryptophan
analogues

Carbon-11 is usually produced at a low energy cyclotron via
the "“N(p,»)!''C nuclear reaction. The target N»-gas con-
tains either 0.5% of oxygen or 5% of hydrogen. This leads
directly to the formation of [!!C]carbon dioxide or
[''Clmethane, respectively.

Known synthetic methods for the construction of the
indole ring are not suitable for ''C-labelling owing to the
short half-life of carbon-11.32> Consequently, ''C could be
introduced only in carboxyl-, a-CH or CH> groups of Trp.

2.1. Racemic 1-[''C]- and 5-hydroxy-1-[!!C]tryptophans
2.1.1. Preparation of the racemic 1-[''C|Trp via Bucherer — Bergs
reaction

Washburn et al. prepared D,L-[''C]Trp by the hydrolysis of
the corresponding !''C-labelled hydantoin with NaOH at
245 °C for 10 min. The radiolabelled intermediate was
produced by the multicomponent Bucherer—Bergs reac-

tion33 of the 3-indolylacetaldehyde bisulfite adduct,
/SO3Na
CHOH
H[''CICN R
A\ (NH4)2C03, NH4CI, A
N 0 HO
1 1\\C\NH " C:o
H O NaOH, A NH,
A\ A\
N N
H H
(up to 50%

from H[''CICN)

Figure 3. Preparation of the racemic 1-['!C]Trp via Bucherer—
Bergs reaction.
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(NH4)>CO3, and NH4Cl with carrier-added H['!C]CN at
250 °C for 3 min (Fig. 3).3% 35 Radiochemical yields (RCYs)
starting from H[''C]CN amounted to 35% —55% with a
specific activity of 0.55—1.1 GBq mg~!. The synthesis time
was 40—50 min. H['!C]CN was synthesized by a catalytic
reaction of ['C]JCH4 and anhydrous NH; on Pt/Al at
950 °C.3¢ Zalutsky et al.’” published an improved protocol
which afforded D,L-1-['!C]Trp from H[''C]CN in a RCY of
50% within 28 min.

2.2. Chemoenzymatic synthesis of 1'C-labelled tryptophans
The Bucherer —Bergs synthesis, using ''C-labelled cyanide,
produced a racemic mixture of 1-[''C]Trp. Since radio-
labelling occurs in the carboxy position, radioactivity will
be lost as [''C]CO, during the first, decarboxylation step of
the serotonin biosynthesis. Correspondingly, methods
allowing preparation of 2-[''C]Trp were developed.
Enzymatic reactions enable fast stereoselective synthesis
of amino acids under very mild conditions. Not surpris-
ingly, they were intensively used for the preparation of

amino acids labelled with short-lived isotopes like ''C and
137 3841

2.2.1. L-2-["'C]-, 5-hydroxy-L-2-[''C]- and
5-fluoro-L-2-[''C|tryptophans (2-[''C|Trp, 5-OH-2-[''C|Trp

and 2-[''C|5-FTrp)

L-2-[''C]-, 5-hydroxy-L-2-[''C]- and 5-fluoro-L-2-[''C]tryp-
tophans were prepared from racemic 3-[!!Clalanine using
two consecutive enzyme-catalyzed transformations, which
were carried out in a one-pot manner (Fig. 4).4>43 First,
N-(diphenylmethylene)glycine tert-butyl ester was labelled
with [''C]methyl iodide affording, after hydrolysis of the
intermediate, labelled imine ester DL-3-[!!C]Ala, which in
turn was deaminated into 3-['!C]pyruvic acid using
D-amino acid oxidase (DAO), catalase (CAT) and glutamic
pyruvic transaminase (GPT).** In the subsequent step
3-[''C]pyruvic acid was converted to enantiomerically pure
L-2-[''C]-, 5-hydroxy-L-2-[''C]- and 5-fluoro-L-2-[''C]tryp-
tophans by the reversed tryptophanase reaction with indole,
5-hydroxy- or 5-fluoroindole, respectively.4? The total syn-
thesis time starting from [''C]methyl iodide including
HPLC purification was 50—70 min, RCYs of tracers in a
ready-to-use form amounted to 10% —25%. The applica-
tion of a column packed with the corresponding enzymes
immobilized on a solid support#’ enabled implementation
of the chemoenzymatic synthesis of 5-hydroxy-L-2-
[''C]tryptophan into automated synthesis modules.*> 4°
Furthermore, the production of 5-OH-2-['!C]Trp using a

Ph [""CICHsl  HaN_-CO2H  p.apO/Catalase
—_— —_—

PR N CcozBut "ICH
~LU2bu 3
COH

OH H2”C"<
NH;

Tryptophanase R
_—

YT o R AN
CH3 m N
N H
H
R=H,F,OH (10%—25%

from [''C]CHl)

Figure 4. Preparation of L-2-['!C]-, 5-hydroxy-L-2-['!C]- and
5-fluoro-L-2-[''C]tryptophans using chemoenzymatic aproach.

commercially available robotics system was also estab-
lished.4”-48 However, the exceptional complexity of the
proposed four-step preparation procedure (starting from
[''C]CO, or [''C]CH4), which includes enzymatic steps,
where four enzymes and the appropriate coenzymes are
used, and which require exact concentration of the applied
reagent and exact adjustment of pH, prevents a widespread
application of this tracer. 5-Hydroxy-L-tryptophan is the
direct precursor of serotonin. Consequently, 5-OH-2-
[''C]Trp also enters the serotonin metabolic pathway.*
5-Hydroxy-2-[''C]tryptamine ('!C-labelled serotonin) and
its metabolite 5-hydroxy-2-[''Clindoleacetic acid
(['"'CJHIAA) were identified as main metabolites in humans,
monkeys and rodents. However, 5-OH-2-[''C]Trp strongly
accumulates in basal ganglia,>®>! suggesting unspecific
uptake in dopaminergic and noradrenergic presynaptic
terminals because of the high affinity of 5-OH-Trp to
AADC. Furthermore, in the case of activated kynurenine
metabolism, e.g., in neuroinflammation, 5-OH-2-[''C]Trp
can also to some extent be metabolized by IDO, although
with K, 20 times lower compared to L-tryptophan.>?
Despite these limitations, 5-hydroxy-2-['!C]tryptophan has
been occasionally used for imaging of the serotonergic
system in patients suffering from neuropsychiatric diseases
such as social anxiety disorders,>® dysphoria>* and depres-
sion.>> Furthermore, this tracer is able to visualize degener-
ation of serotonin-producing pancreatic islet cells in
diabetic patients.>® In rodents, contradictory results have
raised doubt regarding the suitability of 5-OH-[2-!'C]Trp as
a marker for quantification of serotonin synthesis.>” AADC
inhibition did not affect kinetic constants, suggesting that
trapped radioactivity comprises mainly unmetabolized
radiotracer. In contrast, while 5-hydroxy-2-[!!C]tryptophan
is not a substrate of tryptophan hydroxylase, inhibition of
this enzyme reduced its brain uptake and decarboxylation.’”
The main application field of 5-OH-2-[!!C]Trp remains
detection of  serotonin-producing neuroendocrine
tumours,>® originating mainly from neuroendocrine cells
of the pancreatic islets, gastrointestinal tract and broncho-
pulmonary system.>® Tracer accumulation in tumour cells is
influenced by L-amino acid transporters (LATs) and by
AADC and MAO activity.®® 5-Hydroxy-2-[!!C]tryptophan
was particularly effective in staging of islet cell tumours.®!
5-Fluoro-2-[''C]tryptophan was evaluated in vitro in a
neuroendocrine tumour cell line and in vivo in normal rats,
in neuroendocrine tumour xenograft bearing mice and in a
non-primate monkey.** This study demonstrated that
2-["'C]5-FTrp is a functional analogue of 5-OH-2-[''C]Trp
in vitro. However, results of animal experiments suggested
that this tracer did not target serotonin metabolism in vivo.

2.2.2. Chemoenzymatic synthesis of carboxy-['1C]-
and 5-hydroxy-(carboxy-['!C])tryptophans
(14"'C[Trp and 5-HO-1-["'C|Trp)
1-[''C]Trp and 5-HO-1-['!C]Trp were synthesized starting
from 1-['!Clalanine (1-['!C]Ala) using the same chemoenzy-
matic protocol as for the production of these amino acids
labelled in the B-position. Racemic 1-[''C]Ala was obtained
by the addition of H[''C]JCN to ammonia and bisulfite
adduct of acetaldehyde and subsequent hydrolysis of the
resulting [!!Claminonitrile (Fig. 5).2 1-[''C]-Labelled
amino acids were prepared in RCYs of 40% —60%, based
on [!!C]cyanide, in total synthesis time of 50 min.

When tryptophan analogues are ''C-labelled in the
carboxyl position, ''C is cleaved off by AADC in the form
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Figure 5. Chemoenzymatic synthesis of carboxy-['!C]- and

5-hydroxy-(carboxy-[!!C])tryptophans.

of '"'CO,, which is eliminated through the lungs. Neuro-
endocrine tumours, which were successfully visualized with
5-hydroxy-2-['!C]tryptophan, could therefore not be
delineated by 5-hydroxy-L-(carboxy-[''C]tryptophan.63

2.3. '1C-Methylated tryptophans

11C-Alkylation, especially the ''C-methylation, is definitely
the most popular method for the preparation of
11C-labelled compounds. ''C-Methylation is mainly carried
out using [''C]methyl iodide as alkylating agent. The latter
is widely used for the preparation of different PET-tracers
like [''C]acetate, ['!C]carfentanil, [''C]choline, [!'C]methio-
nine, [''C]Pittsburgh Compound B ([''C]PiB), [!!C]raclopr-
ide and others.%* This radiolabelled building block can be
easily prepared in preparative scale virtually in any com-
mercial available automated synthesis module suitable for
11C-labelling.

[''C]CH3;I can be produced using two different methods.
According to the so called wet method, cyclotron produced
[''C]CO; is reduced by LiAlIH4 to ['!'Clmethanol, which is
subsequently converted to [''C]JCH;I by the treatment with
hydrogen iodide ¢ or triphenylphosphine diiodide.%® Alter-
natively, according to the so called dry method, ['!C]meth-
ane is reacted with I, at 720740 °C affording [''C]methyl
iodide.®7-98 ['IC]CHy is usually prepared by the hydrogena-
tion of [''C]CO; trapped on molecular sieves in the presence
of a Ni catalyst at 400 °C.

2.3.1. a-['!C]Methyltryptophan ([''C]JAMT)
[''CJAMT remains the most popular PET probe for the
visualization of Trp metabolism.*® Initially, this tracer was
produced starting from methyl 3-(indol-3-yl)-2-[(phenylme-
thylidene)amino]propanoate, accessible in one step from
H-Trp-OMe and benzaldehyde, as follows.®® Achiral eno-
late generated by the treatment with LDA was quenched
with ['!C]methyl iodide to give the corresponding radio-
labelled intermediate which was deprotected with 2M HCI
at 135 °C for 5 min affording the desired radiotracer in a
non-decay corrected (n.d.c.) yield of 20% —30% within
30 min total synthesis time with Trp as the only impurity
(Fig. 6). Noteworthy, no side product originating from
Nin-alkylation was observed. While the authors initially
assumed that [''CJAMT formed as a single L-enantiomer,
further investigations failed to confirm this point.”% 7!
Suehiro er al.’® modified the original procedure by
increasing the reaction temperature for the deprotonation
step to 25—30 °C. This reduced the reaction time from 20 to
5 min. Additionally, the deprotection step was optimized as
follows. Instead of the low-efficient one-step acidic depro-

tection of the !'C-labelled intermediate, the radiolabelled
benzaldimine was first cleaved by a brief treatment with
1M HCl at 105 °C and the resulting [''C]JAMT methyl ester
was hydrolyzed using 2M NaOH to provide racemic
[''C]JAMT. Finally, HPLC purification delivered the desired
tracer in a RCY of 25% —30% within 25 min starting from
[''Cliodomethane.

a-['!C]Methyltryptophan was prepared from the chiral
enolate generated from the fully protected tricyclic Trp
derivative,  dimethyl (2S,3aR,8aS)-8-(phenylsulfonyl)-
3,3a,8,8a-tetrahydropyrrolo[2,3-bJindole-1,2(2 H)-dicarboxy-
late, using LDA and [''C]CH3I followed by hydrolysis with
57% HI at 200 °C for 5 min and HPLC purification
(Fig. 7). Using this procedure, enantiomerically pure
[''CIAMT (ee ~97%) was synthesized in a RCY of 36%
within 22 min starting from [''C]JCH31.7? In order to avoid
application of highly corrosive HI, the ''C-labelled tricyclic
intermediate was first treated with TFA followed by
removal of all volatiles under reduced pressure and there-
after the residue was heated with 10 N NaOH at 210 °C for
10 min.”">73 Finally, neutralization of the reaction mixture
with H»SOy4 followed by HPLC purification afforded the
PET-tracer in 22% n.d.c. yield within 40 min starting from
[''C]CH3;l. Despite being very cumbersome (four reaction
and six operation steps) the procedure was successfully
transferred to an automated synthesis module for cGMP
production of the tracer.”®7° Furthermore, based on this

COz;Me
_ lcicHl
4 LDA, THF, —78 DA THF, _78°C.
Ha'1C COzH Hs'1C COzH
N HCLA NH,
N (¢ N\
N Ph N
H H
rac-[""CJAMT

(n.d.c. 20%-30%
from [1C]CHal)

Figure 6. Preparation of racemic [''C]JAMT starting from benzal-
dimine of Trp-OMe.

["'C]CHal
- " >
LDA
Hytic, COH
HO NH
HI, A N\
N
H
["'CIAMT

(25%—30%
from ["'C]CH3l)

Figure 7. Preparation of a-['!C]methyltryptophan.
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protocol, Chakraborty er al.”® developed a procedure for
the production of [''C]JAMT, which avoided the HPLC
purification step. Instead, reversed phase solid phase extrac-
tion (SPE) purification was applied. Unfortunately, pub-
lished protocols for the automated production of ['!CJAMT
imply strictly anhydrous/oxygen-free conditions and low
temperatures (from —55 to —20 °C). These requirements
cannot be fulfilled using commercially available modules,
preventing a broader application of [''C]JAMT.

As already mentioned o-[''"C]methyltryptophan has
been extensively used for diagnostic imaging. It is not a
substrate for protein synthesis, and is trapped in the brain
because its metabolite o-[!!C]methylserotonin is not
degraded by monoamine oxidase.”® Experiments with
a-[*H]methyltryptophan have shown that radioactivity is
still detectable in the brain after 5 days.”” Whereas
a-[!Clmethyltryptophan is considered a highly reproduci-
ble surrogate marker for serotonin synthesis,”®-79 the pres-
ence of a large pool of radioactivity irreversibly trapped in
brain tissue complicates the quantification of serotonin
biosynthesis.?? This could be presumably explained by the
fact that o-methyltryptamine, the product of decarboxyla-
tion of AMT by AADC, is an inhibitor of monoamine
oxidase A.80 The latter is widely expressed in different brain
regions.®! Nevertheless, ['!CJAMT has been used to study
the serotonergic system in depressive disorders,3?~ 84 obses-
sive-compulsive disorder,?3-8¢ Tourette syndrome,?” drug
abuse 8 and migraine.®® However, under pathological con-
ditions which involve brain inflammation, the kynurenine
pathway metabolizes a considerable amount of tryptophan
in the brain,3® which cannot be distinguished with
a-[''Clmethyltryptophan. The main field of application of
this tracer is therefore localization of epileptogenic tis-
sue 2%l and brain tumours,’?>~ %4 both based on strong
kynurenine pathway activations exceeding by far possible
downregulation of serotonin metabolism. In a preliminary
multimodal glioblastoma study with 30 patients, the higher
[''CJAMT uptake within MRI contrast-enhancing tumour
sub-regions was highly predictive for longer overall sur-
vival.??

Although there is a clear association between a-[!'C]-
methyltryptophan uptake and activity of the kynurenine
pathway, in vitro studies suggest that o-[!'Clmethyltrypto-
phan is not metabolized by IDO.%® It seems that [!!CJAMT
accumulation is caused by upregulation of a tryptophan
selective transporter, induced by IDO expression®’ rather
than by entering the kynurenine pathway.

An example where both serotonin synthesis and kynur-
enine pathway activity are eclevated in parallel is breast
cancer. Extensive tumoral tryptophan degradation can
deplete the body of tryptophan, leading to reduced cerebral
serotonin synthesis and hence tumour-induced depression.”®
It is therefore not surprising that breast cancer cells strongly
accumulate o-[''Clmethyltryptophan. In contrast to glio-
mas and lung cancers, most breast cancers show a rapid
tracer influx and an early peak (less than 20 min after
injection) followed by a subsequent decline of radioactivity
uptake.”® [!!ICJAMT kinetic analysis can therefore be
employed to differentiate tumour types, e.g. glioblastomas
from metastatic brain tumours.!00-101

2.3.2. L- and D-N;,-['1C|Methyltryptophans

(L- and D-[''C]1MTrps)

L-Ni,-Methyltryptophan (L-1MTrp) is a known concurrent
inhibitor of IDO1 192 and could be potentially used for the

visualization of Trp metabolism via the kynurenine path-
way. In contrast, the D-isomer (Indoximod) did not exert a
significant inhibition of IDOI in the cell-free enzyme assay.
However, this isomer demonstrated superior anticancer
activity in mouse xenografts of IDO-positive solid tumours
and is currently being evaluated in several stage 1b/2 clinical
trials as a single agent or in combination with other
therapeutics, or with radiotherapy.!03.104

N-Methylation of Boc-L-Trp-OEt or Boc-D-Trp-OEt
with [''C]CH3;I, using NaOH as a base, followed by depro-
tection with HCl and, finally, by HPLC purification
afforded L- and D-[''C]IMTrps in 47% RCY based on
[''C]CO; within 40 min (Fig. 8).'%> Noteworthy, some rac-
emization was observed during the alkylation step and
enantiomeric excess (ee) of both stereoisomers amounted
to ~90%.

CO.Et
["'CICHal
NHBoc —— »
A\
N
H COEt COzH
NHBoc NH2
A\ HCl A
N N
\ \
11CH3 11CH:«)
(47% from [11C]COy)
CO.Et
e ['"C]CHal
NHBoc ———  »
A\
N
H CO,Et COzH
e e
NHBoc NH>
s N\ Hey N\
N N
\ \
"CHs 1CH3

(47% from [1'C]CO3)

Figure 8. Preparation of L- and D-Nj,-['!Clmethyltryptophans
(L- and D-[''C]1MTrps).

Biodistribution of L- and D-[''C]1MTrps in normal rats
was evaluated in vivo using PWPET and ex vivo tissue
sampling. In the case of the L-isomer the highest radio-
activity accumulation was observed in pancreas, presum-
ably in IDOI positive B-cells.!® In contrast, for
D-[''C]IMTrp the main target tissue were the kidneys
whereas pancreas uptake was low.

3. 13F-Labelled tryptophan analogues

To date most of the published preclinical and clinical PET-
studies were carried out with '1C-labelled tryptophans. The
vast majority of such radiotracers could be prepared only
using cumbersome and time-consuming multistep prepara-
tion procedures (vide supra). This together with the short
half-life of ''C (20.4 min) precludes broad evaluation of
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1IC-labelled Trps and their implementation into clinical
practice.

In contrast, the half-life of '3F (109.8 min) in compar-
ison to ''C and the majority of other common PET nuclides
like 130, >N and °8Ga is much longer, and allows the
accomplishment of demanding production procedures and
long-lasting biological experiments (up to 6 h). Further-
more, the half-life of !8F enables the commercialization of
18F-labelled probes and their shipping to remote destina-
tions (satellite concept). No carrier added (n.c.a) nucleo-
philic ['¥F]fluoride can be produced in on a >100 GBq
scale at low-energy cyclotrons using the high-yielding
180(p,n)'8F nuclear reaction. Electrophilic ['8F]F, could
be prepared from 2°Ne and '80, via the 2°Ne(d,o)'8F and
180(p,n)'®F nuclear reactions. In order to prevent the
adsorption of fluorine-18 produced in the highly reactive
atomic form on the target walls, the addition of F» to the
target gas is mandatory. Consequently, only carrier added
(c.a.) ['8F]F, with low specific activity can be pro-
duced.!'07-110 Fluorine-18 possesses outstanding decay
properties that are ideally suited for PET imaging. The B+
decay ratio of '8F amounts to 97%. The energy of these
positrons is relatively low [E(B ™ )max = 630 keV]. Therefore,
image blurring caused by travelling of the emitted particles
in tissue before annihilation is also low.!11-112

3.1. Preparation of 5-hydroxy-4-['8F|fluoro- and
5-hydroxy-6-['3F|fluorotryptophans (5-OH-4-['8F]F Trp

and 5-OH-6-['8F|FTrp) by electrophilic radiofluorination
5-Hydroxy-4-['8F]fluoro- and 5-hydroxy-6-['®F]fluorotryp-
tophans remain the only radiolabelled tryptophan ana-
logues produced by electrophilic radiofluorination. They
were prepared by the reaction of 5-hydroxytryptophan
(5-OHTrp) with ['®F]F, in anhydrous HF at —70 °C
(Fig. 9). The mixture of regioisomeric '8F-labelled amino
acids was, after evaporation of HF, separated by HPLC
furnishing 5-OH-4-['"8F]FTrp and 5-OH-6-['8F]FTrp in
RCYs of 7% and 9%, respectively.!!3

3.2. L- and D-1-(2-['8F]Fluoroethyl)tryptophans

(L- and D-1-['8F|FETrps): preparation by Sn2
I8F_fluorination and biological evaluation

Synthesis of tryptophan analogues with a 'F-substituent on
the indole ring using conventional radiofluorination proto-
cols is complicated owing to the extremely electron rich and
oxidation sensitive nature of the indole ring. In contrast,
efficient protocols for Sn2 '8F-fluorination especially at
primary carbons are well-established. Accordingly, numer-

887
COH
18]
NH. ["8F]F2
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H COzH COH
’ISF
HO NHz - Ho NH;
— A\ + A\
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’IBF H
(7%) (9%)

Figure 9. Preparation of 5-hydroxy-4-['8F]fluoro- and 5-hydroxy-
6-['$F]fluorotryptophan (5-OH-4-['8F]FTrp and 5-OH-
6-['8F]FTrp) via direct electrophilic radiofluorination of 5-hydr-
oxytryptophan (5-OHTrp).

ous ['8F]fluoroalkyl- and ['8F]fluoroalkoxytryptophans
were produced and evaluated.!'*~ 120 However, Trp ana-
logues containing bulky [!®F]fluoroalkoxy or ['®F]fluo-
roalkyl substituents are not able to target Trp metabolism
and were evaluated as imaging agents for the visualization
of the increased activity of LAT system in tumour
lesions.'?!1 123 The only exception of this observation
known so far is represented by L-1-(2-['8F]fluoroethyl)tryp-
tophan (L-1-['8F]JFETrp). Henrottin ez al. demonstrated in
cell-free enzymatic assays that 1-FETrp is a substrate of
recombinant hIDO although with a much slower oxidation
rate in comparison to Trp, I-MTrp and 5-OHTrp (360x%, 6 x
and 3x, respectively).”®

Sun et al.''7 produced 1-['®F]FETrp by the alkylation of
Boc-Trp-OEt with 1-['8F]fluoro-2-(tosyloxy)ethane using
NaOH as a base followed by deprotection of the radio-
labelled intermediate with 8 M HCI1 at 100 °C in a n.d.c.
RCY of 1% within a synthesis time of 65 min (Fig. 10 a).
The enantiomeric purity of the tracer was not determined.

Henrottin ez al.''® developed an improved procedure for
the preparation of racemic 1-['8F]FETrp. Accordingly, Boc-
Trp[Et(OTos)]-OtBu was radiolabelled using ['®F]KF/
K,COs;/Kryptofix®222 (K2.2.2) followed by deprotection
with 6 M HBr at 90 °C for 10 min and HPLC isolation of
the desired radiotracer (Fig. 10 5). This protocol was imple-
mented on a GE FASTlab synthesis module. The auto-
mated synthesis afforded 1-['®*F]FETrp in a RCY of 30%
within 80 min. The racemic mixture after HPLC purifica-
tion could be separated using two consecutive enantioselec-

CO,Et
2 1y 8l:/\/OTos
2) HCI
NHBoc
A NeOH CO-H COBu!
(1%)
N
A H 1)TBA18F NHBoc
COWBut L, 2) HCI, A \
2
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NHB 1 18F/\/OT°S N\\/OTOS
{ OC ) HBr, A
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N
H
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Figure 10. Preparation of 1-['8F]FETrp according to Sun ef al. (A),''7 Henrottin et al. (B) ''® and Xin and Cai (C).!**
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tive HPLC separations to yield L- and D-1-['8F]FETrps
after formulation as injectable solutions in RCYs of 6%
within 155 and 180 min of total synthesis time. A further
optimization of this procedure allowed Xin and Cai to
produce L- and D-1-['®F]FETrps in a FX-N synthesis
module in RCYs of 19% and 9%, respectively, within
90 min (Fig. 10¢).1?4

1-L-['"® F]FETrp highly accumulated in IDO-expressing
cell lines. This uptake could be inhibited by IMTrp.!24
Additional inhibition studies showed that 1-L-['8F]FETrp
is a substrate of LAT-1 and ASC (alanine-, serine-, and
cysteine-preferring) systems.!?* At the same time cellular
uptake of D-1-['®F]FETrp was negligible in all tested cell
lines although it was a hIDO substrate in cell-free assays.!?*
These results suggest much lower intracellular transport of
the D- compared to the L-isomer. 1-L-['®F]FETrp highly
accumulated in different subcutaneous and orthotopic
tumours in rodents allowing their visualization with high
tumour-to-background ratio.'?> In a pPET study racemic
I-['F]FETrp was compared to [''CJAMT in mice
implanted with patient-derived brain tumour xenografts.!?¢
In this study 1-['F]JFETrp demonstrated high stability
towards defluorination and favourable radiation dosimetry.
In contrast to [''CJAMT, 1-['®F]FETrp showed prominent
uptake in the pancreas, presumably, in IDO-positive B-cells.
Furthermore, in all three studied tumour types, tumoural
SUV for 1-['®F]FETrp was higher compared to [''CJAMT.
Additionally, 1-L- and D-['8F]FETrps were evaluated in
spontaneous medulloblastoma tumours in transgenic
mice.'?” Whereas 1-L-['8F]FETrp-PET enabled clear delin-
eation of tumours from normal brain tissue, tumour accu-
mulation of the D-tracer was low.

3.3. ['8F|Fluorotryptophans labelled in aromatic positions
3.3.1. Synthesis of c.a. racemic 5- and 6-['8F]fluorotryptophans

(5- and 6-['"8F|F Trps) using the Balz—Schiemann reaction and their
preliminary biological evaluation

The Balz-Schiemann reaction is a conversion of (hetero)aryl
amines to aryl fluorides via diazotisation and subsequent
thermal decomposition of the derived tetrafluoroborates.!?8
Historically, it was the first method applied for '8F-labelling
of aromatic amino acids using ['®F]fluoride.'?® Since the
18F-label was initially introduced in the tetrafluoroborate
anion, the maximum possible radiochemical yield amounts
to 25%. 5- and 6-['8F]Fluorotryptophans were produced via
pyrolysis of the corresponding 3-[3-ethoxy-2-(ethoxy-
carbonyl)-2-formamido-3-oxopropyl]-1 H-indole-diazonium
tetrafluoroborates in the presence of ['*F]JHF followed by
deprotection/decarboxylation of the corresponding labelled
intermediates to afford 5- and 6-['F]FTrps in RCYs of
6% —13% (Fig. 11).13% Extremely low specific activities

ONH
HN CO,Et
COEt A,
.
N=N N
[OFIBF N
0
H COH
HN _ FO2E 1) NaOH
2) HaSO04, A NH2
— COEt ——— > N\
18F
18F \ N
N H
H

(6% —13%)

Figure 11. Preparation of 5- and 6-['F]FTrps from the corre-
sponding diazonium tetrafluoroborate salts.

(12-23 MBq g~ "), low RCYs, very long preparation times
of 220—255 min and, especially, the potentially explosive
nature of diazonium salts impeded the further development
of this method.

3.3.2. Preparation of 4-['8F[fluoro-L-tryptophan (4-['3F|FTrp) by
isotopic exchange using carbonyl as transient activating group
The conventional procedure for SyAr !'8F-fluorination
necessitates the presence of a suitable leaving group like
halogens, nitro or N,N,N-trimethylammonium groups and,
importantly, a strong electron-withdrawing group in para-
or ortho-position to the leaving group. So far 4-['8F]FTrp
remains the only radiolabelled tryptophan analogue pre-
pared by using isotopic exchange supported by electron-
withdrawing groups in suitable position (Fig. 12).13! The
appropriate precursor containing a carbonyl group in
5 position for radiofluorination was obtained in 8% yield
over 10 steps using Z-(R)-BMI 32 as a chiral glycine equiv-
alent. The introduced carbonyl group as well as the Nj,-Boc
group activate the otherwise very electron rich indole
system to enable nucleophilic aromatic '8F/!°F exchange,
which was carried out using ['®*F]TBAF in N,N-dimethyl-
formamide (DMF) under microwave heating. The reaction
mixture was irradiated with 50 W microwaves during 1 min
affording the radiolabelled intermediate in RCY of up to
49%. The latter was reductively decarbonylated using the
Wilkinson catalyst [Rh(PPh3);Cl] in benzonitrile. Again, the
application of microwaves instead of conventional heating,
improved the yield of this step up to 75% and significantly
reduced the reaction time. Finally, deprotection using
12M HCI at 150 °C for 30 min followed by HPLC purifi-
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Figure 12. Preparation of 4-['8F]FTrp using isotopic exchange.
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cation furnished enantiomerically pure
4-["8F]FTrp in a RCY of 13% within 100 min.

(ee > 99%)

3.4. Preparation of radiofluorinated tryptophans via
Cu-mediated aromatic '8F-fluorination and their preclinical
evaluation

As already mentioned, the extremely electron rich nature of
the indole ring impedes the preparation of fluorotrypto-
phans labelled in aromatic positions using conventional
radiofluorination protocols. This problem may be solved
by the application of transition metal mediated aromatic
I8F-fluorination. This umpolung approach discovered by
Lee et al.'3? (Fig. 13 a) allowed the introduction of '8F into
(hetero)arenes regardless of their electronic properties. The
original protocol of the authors comprises the reaction of a
radiofluorinated Pd'V complex prepared in advance with an
appropriate Pd'—aryl compound, yielding the correspon-
ding '8F-labelled arene after reductive elimination. A fur-
ther development of this method involves radiolabelling of
an arylnickel(IT) complex with a radiofluorination agent
generated in situ from a hypervalent iodine oxidant
[bis(onio)-substituted aryliodine(1l1)] and ['®F]fluoride
(Fig. 13 b).134-136 This protocol was successfully used to
prepare N-Boc protected 5-['8F]fluoroindole in 55% RCY.
Unfortunately, Ni-mediated radiofluorination is hardly
amenable to automated synthesis modules due to the high
moisture sensitivity of the hypervalent iodine oxidant. This
disadvantage has precluded so far the application of this
procedure for the preparation of '8F-labelled Trps.

In contrast, Cu-mediated aromatic '3F-labelling pio-
neered by Ichiishi et al.'37 for (aryl)(mesityl)iodonium salts
and later applied to aryl pinacol boronates (ArBPin),!3® aryl
boronic acids,!3? aryl trialkyl stannanes,!4? and for directed
CH-'8F-fluorination '#! features a simple reaction setup and

N-N" 'N-N 18F
\

Lee et al. 2011

R
b ['8F]KF/18-crown-6,
OMe _l 2+
S 2TfO~

Z Lee et al. 2012
18F
g%
R N
\
Boc
RCC = 55%

Figure 13. Pd- and Ni-mediated synthesis of ['®F]fluoro(hetero)ar-
enes according to Lee et al.!33. 134

does not utilize extremely sensitive, low stable and(or)
hardly accessible starting materials and reagents. No special
precautions are necessary and reactions are carried
out under air or argon. Commercially available
Cu(MeCN)4OTf, Cu(Py)4(OTf)> and Cu(OTS), are used as
Cu-sources. Importantly, as well as Ni- and Pd-mediated
radiofluorinations, Cu-mediated radiolabelling enables
high-yielding preparation of '8F-labelled electron-rich (het-
ero)aromatics and is, therefore, well suitable for the prepa-
ration of radiofluorinated tryptophan analogues.
Unfortunately, though efficient in small-scale experiments,
the original procedures were not well suited for PET tracer
production on a practical scale. The reason for the failure
was elucidated and led to the development novel radio-
labelling procedures.!4?

Cu(OTf)2(py)a and Cu(MeCN)4OTT, typically applied as
mediators, were found to be unstable under strong basic
conditions conventionally applied to radiofluorinations
(typically, 2.8—3.5mg K,CO3; and 15mgK2.2.2 or
18-crown-6 high base conditions). Consequently, under
high base conditions, one-pot radiosynthesis provided
radiofluorinated arenes best in 5% —7% RCYs. In contrast,
low base conditions (e.g., application of <0.5 mg K>COs3 or
low amounts of less basic EtyNHCO3) afforded '®F-labelled
model compounds in 41% —64% RCYs.

The low base procedure was utilized for the preparation
of 6-['8F]FTrp. The application of methanolic Et4NHCO3;
for the elution of ['®F]F~ according to the minimalist
approach (Richarz et al. 2014)'#3 furnished '8F-labelled
6-fluoroindolylmethyl substituted Schéllkopf’s bis-lactim
ether in 53% radiochemical conversion (RCC) (Fig. 14).144
The subsequent hydrolysis with 50% H>SO4 followed by
HPLC purification afforded the desired radiolabelled amino
acid in 16% RCY within 110 min.

During following attempts to refine the Cu-mediated
radiofluorination of boronic substrates it was serendipi-
tously found that the application of primary and secondary
alcohols as reaction co-solvents substantially increased
I8F-incorporation rates.'*> In the presence of nBuOH,
highly electron rich unprotected 4-, 5- and 6-indole boronic
acids and pinacol boronates underwent near-quantitative
(>96%) radiofluorination. The applicability of the novel

N\
6]
NM
N ['8F]TEAF,
N Cu(py)a(OTH):
- "5
N O\ sulfolane, A, air
O\IB N\
0 Boc
N
(0]
Ni% COzH
TR 50% H2S04, A
— —N _— NH,
\y 0O A\
AN
18F N\ 18F N

Figure 14. Synthesis of 6-['F]FTrp via Cu-mediated radiofluori-
nation.
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method to produce radiofluorinated Trps was confirmed by
the preparation of protected radiolabelled 4- and 6-fluoro-
tryptophans in RCCs of 92% and 99%, respectively.

3.4.1. Preparation of 4—7-['8F|FTrps via Cu-mediated
radiofluorination and their biological evaluation

The alcohol-enhanced Cu-mediated radiofluorination was
applied for the preparation of the hitherto unknown
7-['F]FTrp (Fig. 15, Table 1).'4¢ The corresponding boro-
nate precursor, Boc-7-(Bpin)Trp-OBu!, ecasily accessible
from Boc-Trp-OBu' using a one-pot two-step sequence
comprised Ir-catalyzed 2,7-diborylation followed by the
regioselective 2-protodeborylation,'*” was radiolabelled in
nBuOH/N,N-dimethylacetamide (DMA) furnishing inter-
mediate Boc-7-['8F]FTrp-OBu! in >90% RCC. The latter
was deprotected using 38% HCI/MeOH affording, after
HPLC purification, the desired PET probe in 41% RCY
within 100—110 min. Similarly, 4—6-['8F]FTrps were pro-
duced from the corresponding Boc-n-(Bpin)Trp-OBut pre-
cursors (n = 4—6) in RCYs of 40% —53% (see Table 1). In
all cases, enantiomeric purities (ee) exceeded 99% and the

1) HBPin, I((COD)OMe,
BTBBP, THF

HN_ _~ 2) PdCly, AcOH
BocHN CO.But
1) Elution of '8F with
Et,NHCOj3 in MeOH
o 2) Evaporation of MeOH
\ 3) Cu(py)4(OTf)2, 13F
O/B DMA, nBuOH, A, air
. 4) HCI, MeOH, A HN __~
HN_ -
BocHN” >CO,But HN" GO
OCl u
? 7-["6FIF Trp
(41%)

Figure 15. Preparation of 4—7-['F]FTrp via alcohol-enhanced
Cu-mediated radiofluorination.

Cu content in the final solutions was below any level of
concern.

Tang et al.'*® prepared (R)- and (S)-5-['8F]FTrps in
1.54£0.6% RCY within 193+46 min via Cu-mediated
radiolabelling of the racemic precursor using DMF as
reaction solvent and K2.2.2/K>,COs3 as a base followed by
deprotection of the radiolabelled Boc-(RS)-5-['®F]FTrp and
separation of enantiomers. Giglio et al. synthesized 4-(RS)-
['®F]FTrp, 5-['®F]FTrp, 6-['®F]FTrp, and 7-(RS)-['8F]FTrp
via Cu-mediated ['8F]fluorination in DMF/MeCN using
BusNHCO; as a base in RCYs of 4%—12%.14°
5-7-['8F]FTrps were also produced in 15% —24% RCYs
using Cu-mediated radiofluorination under low base con-
ditions (see Table 1).138. 144

Taken together, synthesis of 5- and 6-['®F]FTrps apply-
ing the Balz—Schiemann reaction is interesting only from
the historical point of view. The application of '3F/!°F
isotopic exchange using a transient activating group for
the production of ['8F]FTrps is less attractive than Cu-me-
diated '8F-fluorination of suitably protected Bpin-substi-
tuted tryptophans because of the precursor accessibility as
well as simplicity and efficacy of the radiosynthesis proce-
dure. If the latter approach was used, application of Boc
and Bu! protecting groups for amino and carboxylic groups,
respectively, enabled smooth and fast deprotection of radio-
labelled intermediates under rather mild acidic conditions.
Double protection of the amino group or protection of the
indole nitrogen was unnecessary and in some cases even
deleterious. Furthermore, the literature data, summarized in
Table 1, underline the superiority of alcohol-enhanced
Cu-mediated radiofluorination over other protocols used
for the preparation of ['F]FTrps. This method enabled
synthesis of four regioisomeric radiolabelled tryptophans
with RCYs significantly higher within the same or even
shorter preparation time than other published protocols.

Zlatopolskiy et al.'*® studied 4—7-['®F]FTrps in seven
different tumour cell lines and compared them to
O-(2-['®F]fluoroethyl)tyrosine (['8F]FET) (Fig. 16). The lat-
ter PET tracer is commonly used for the visualization of
amino acid transporters and, indirectly, of the protein
synthesis especially in brain tumours.'’® [8F]FET and
['®F]FTrps are aromatic amino acids which are transported
into cells mainly by L-amino acid transporters predomi-
nantly of type 1 (LATI). ['8F]FET protein incorporation

Table 1. Comparison of the different procedures for the preparation of ['* F][F Trps.

Zlatopolskiy et al.'4° Atkins et al.'3®  Weiss et al.'3'  ‘Low base’ '**  Giglio et al.'*®  Tang et al.'*$
n-['SF]FTrp (RCY, %) 4-(40+12) 5:9-10)¢ 4-(13) 523 £8) 4-(8) 5:(1.5%)
5:(53+5) 6-(9—10)° 6-(15+4)0d  5.(12)
6-(30 + 3) 7-(24 £ 5)4 6-(4)°
6-(42+ 5)b-e 7-(9) -
7-(41 + 3)
Synthesis 100—-110 255 115 100—-110 n.d. 193
time (min)
ee (%) >99; 892 — >99 >99; 892 n.d. 73-82fF¢
9geh
Molar 95-240 5x10—4 Tx10~7 95-240 n.d. 403-722
activity
(GBg/umol)

2 From bis-lactim precursor; ®from Boc-6-BpinTrp-OBut; ¢ racemic; 9 see 14%; estimated by the separation of a small portion of the reaction
mixture; £ 5-(S)-['®F]F Trp; ¢ after separation of the racemic mixture by preparative enantioselective HPLC; » 5-(R)-['8F]F Trp; n.d. means no data.

Reproduced with permission from Zlatopolskiy et al.'#¢
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Figure 16. Comparison of in vitro cell uptake and in vivo brain distribution of 7-['8F]F Trp and ['®F]FET. (a) Tracer uptake in breast cancer
MDA-MB-231 (with and without INFy) and MCF-7 cells (n = 3 each). (b) Tracer uptake in the brain of healthy rats, 90— 120 min post
injection (mean images, n = 3 each). # Significantly different from 1 h. F(1.24) = 5.9, p = 0.0234 for factor time, posthoc p < 0.05.
* Significantly different from all others at the same time point. F(5.24) = 307.3, p < 0.0001 for factor tracer/cell line, posthoc p < 0.05.
Abbreviations: 9Cb is cerebellar lobule 9, dRa is dorsal raphe, Hyp is hypothalamus, ipRa is raphe interpositus, obRa is raphe obscurus,

PiGl is pineal gland, Thal is thalamus.

rate is very low. This tracer is intracellularly trapped
presumably owing to the asymmetry of the intra- and
extracellular recognition by LATI.!3! Cellular accumula-
tion of [F]FET and ['®F]FTrps was studied, i.a., in
MDA-MB-231 and MCF-7 breast tumour cell lines.!#® The
low expression of IDO1 in MDA-MB-231 cells can be
stimulated by the incubation with interferon-y (yITF) in a
time-dependent manner. LAT1 expression is not induced by
vITF.!52 Expression of IDOs in MCF7 cells remains very
low even under YITF stimulation.!3 In contrast, these cells
express an increased level of TPH1.!13* While there were no
substantial differences in accumulation of ['®F]FTrps and
['8F]FET in untreated MDA-MB-231 cells, the uptake of 6-
and 7-['8F]Trps significantly increased after yITF stimula-
tion (up to 2x and 7x after 1 and 2 h incubation, respec-
tively, Fig. 16). ['8F]JFET uptake was only slightly altered
after yYITF stimulation. Uptake in MCF7 cells was about
2 times higher for 7-['®F]FTrp than for ['®F]FET. Protein
incorporation of 7-['8F]FTrp measured in three tumour cell
lines was insignificant and amounted to 2% —3% of the
cellular accumulated radioactivity.

Tang et al.'*® studied uptake of 5-(S)- and 5-(R)-
['8F]FTrps in CT26, CT26-hIDO1 and CT26-hTDO2 cells
with and without doxycycline-induced overexpression of

hIDO1 and hTDO2. This study revealed that only the
(S)-isomer was more efficiently trapped in cells upon
induction of IDOI1 and TDO2 enzymes compared to the
corresponding control groups treated with sucrose.
The elevated cellular uptake of the (R)-isomer was not
observed.

Brain distribution of 4—7-['®F]FTrps was evaluated in
healthy rats.!#¢ For 4 —6-['8F]FTrps, rapid in vivo defluori-
nation was observed reflected by high radioactivity accu-
mulation in the skull. Similarly, Tang et al.'*® observed fast
defluorination of 5-['®F]FTrp in tumour bearing immuno-
compromised mice. In contrast to the other radiofluori-
nated tryptophans, 7-['8F]FTrp demonstrated a high in vivo
stability clearly reflected by low skull uptake. Furthermore,
accumulation of 7-['8F]FTrp was observed in serotonergic
areas like dorsal raphe and hypothalamus as well as
melatonin-producing pineal gland (see Fig. 16). This brain
biodistribution pattern was markedly different from
['| F]FET. The latter accumulated mainly in areas with
high protein/peptide hormone synthesis rate like thalamus,
hypothalamus, cerebellum, and pons.

The pronounced in vivo instability of 4—6-['8F]FTrps
and conversely the observed in vivo stability of 7-['8F]FTrp
could be well explained by the substrate specificity of IDO

Figure 17. MCF7 CAM xenograft (a) chorioallantoic membrane with inoculated tumour clusters (arrows) 30 min after implantation.
() MCF7 CAM xenograft 7 days after implantation. (¢) 7-['®F]FTrp uptake in a MCF7 tumor. (d) Biodistribution of 'F~ in a chicken

embryo (B is beak, F is femur, H is humerus, T is tibia).
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Figure 18. Preparation of 5-['8F]F-AMT from two different precursors.

and TDO taking into account that the kynurenine pathway
accounts for at least 95% of the catabolism of Trp. Indeed,
6-FTrp is the best known substrate of TDO with Viax/Km
approximately 1.6-fold higher than that of Trp.!>> 5-FTrp is
also a relatively good substrate of TDO with a Vimax/Km
value of about 70% relative to that of native tryptophan. In
contrast, 4-FTrp is no substrate of TDO. However, this
amino acid as well as 5- and 6-FTrps is metabolized by IDO
with a Vinax/Km value of 14%, 37% and 47% relative to that
of Trp, respectively.!3® Notably, 7-FTrp is no substrate of
either TDO or IDO but, instead, an inhibitor of both
enzymes. Tang et al.'*® observed a noticeably slower
defluorination of S5-['8F]FTrp in TDO knock-out
(TDO~/~) compared to wild type mice. These data support
the involvement of TDO in the defluorination process.

The potential of 7-['8F]FTrp for tumour imaging was
evaluated in MCF-7, PC-3 and NCI-H69 xenografts in the
chicken chorioallantoic membrane (CAM) model.'7
7-['8F]FTrp and, for comparison, '®F— were administered
(Fig. 17). The '8F— PET scans performed after 30 min p.i.
displayed tracer uptake mainly in bones, joints and beak of
the chicken embryos. No significant tumour accumulation
was observed. In contrast, 7-['®F]FTrp PET clearly
delineated the tumours.

3.4.2. Preparation and preliminary biological evaluation of
5-['8F|fluoro-a-methyltryptophan (5-['8F|F-AMT)
5-['8F]F-AMT was produced via Cu-mediated radiofluori-
nation of two different Bpin precursors (Fig. 18).14° In both
cases, radiolabelling was carried out in DMF/MeCN using
['| F]TBAF and Cu(Py)4(OTf), at 110 °C for 20 min. Label-
ling of the more easily accessible (S)-2-methyl-8-(phenyl-
sulfonyl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3,8-
dihydropyrrolo[2,3-bJindole-1,2(2 H)-dicarboxylate (Fig. 18 a)
followed by deprotection of the radiofluorinated intermedi-
ate with TFA and KOH afforded the desired tracer in 11%
RCY (starting from azeotropically dried ['*F]TBAF).
Alternatively, '8F-fluorination of tert-butyl (S)-3-(2-[(tert-
butoxycarbonyl)amino]-3-methoxy-2-methyl-3-oxopropyl)-
5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1 H-indole-1-
carboxylate followed by a two-step deprotection delivered
5-['8F]F-AMT in a higher RCY of 15% (Fig. 185).

The cellular uptake of 5-['SF]F-AMT in yITF-stimu-
lated HeLa tumour cells was significantly higher than that
in untreated cells [3.5£0.6% vs. 0.5£0.3% after 1 h
incubation (p<0.001)] and significantly inhibited by
NLGY919, a known IDOI1 inhibitor, indicating dependence

of 5-[18F]F-AMT cellular uptake on IDOI1 expression.
5-['8F]F-AMT PET imaging revealed tracer accumulation
in IDO-1 positive BI6F10 tumour xenografts in immuno-
compromised mice.!4?

3.5. Preparation and preliminary in vitro characterization of
2-['8F]trifluoromethyltryptophan (2-['8F]|CF3-Trp)

Kim et al'’® prepared 2-['8F]CF5;-Trp using a
modified arene trifluoromethylation procedure described
by Su et al.'>® transferred to radiosynthesis. Accordingly,
Boc-2-ITrp-OBut was treated with ['8F]KF/K2.2.2/K,CO;
or [F]ITBAF and methyl chlorodifluoroacetate in the
presence of Cul/N,N,N’ N'-tetramethylethylenediamine
(TMEDA) in DMF at 150 °C for 15 min to give
Boc-2-[18F]CF;-Trp-OBu! in RCYs of up to 56% (Fig. 19).
Deprotection was performed by 1M HCI at 110 °C for
10 min furnishing the desired tracer in a RCY of 6 +2%
within 70 min  in  excellent radiochemical and
enantiomeric purities and with an acceptable molar
activity of 0.44-0.76 GBq umol—! (1.5-4 GBq tracer).
2-['8F]CF3-Trp was completely stable in human or mouse
serum at least for 6 h and demonstrated low binding to
serum proteins. Metabolism of 2-CF3-Trp in BALB/c mice
studied by LC/MS demonstrated fast metabolism of the Trp
analog in brain and blood furnishing mainly 2-CF3-seroto-
nin/2-CFs-tryptamine and 2-CFs-serotonin, respectively.
In contrast, only unchanged 2-CF3-Trp was found in urine.

(:()zBUt

NHBoC  [18F]KF/K2.2.2/KoCO3 or TBA['6F]F R

N CF,CICO,Me, Cul, TMEDA, DMF, A
N
\
Boc
COQBUt
COH
NHBoc HCI, A
e _— NHZ
N—18FCF, A
N 18FCF,
\ N
Boc H (6%)

Figure 19. Synthesis of 2-['8F]CF3-Trp.
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4. Relationships between the structure of
tryptophan analogs and their suitability as
PET-tracers

In this chapter, we briefly summarize some relationships
between the structure of tryptophan analogues and their
pharmacological properties, which could be helpful for the
development of novel PET-tracers.

1) Radiolabelled 5-OHTrp analogues could be used for
visualization of serotonergic tissues. However, unspecific
uptake in dopaminergic and noradrenergic areas owing to
the high affinity to AADC and some metabolization via the
KYN pathway should be taken into account.

2) Carboxy-["'C]tryptophans can not be used for the
visualization of Trp metabolism.

3) a-Methyl substituted serotonins are not degraded by
monoamine oxidase and are trapped in serotonergic areas.

4) a-Methyltryptophans are no substrates for IDO.
However, they are, presumably, substrates for tryptophan
selective transporters, which are upregulated by the activa-
tion of the KYN pathway.

5) a-Methyltryptamines, the products of decarboxyla-
tion of AMTs by AADC, are inhibitors of monoamine
oxidase A.

6) Trp analogues containing bulky ['8F]fluoroalkoxy or
['8F]fluoroalkyl (and, presumably, alkoxy and alkyl) sub-
stituents at the 2—7 positions of the indole ring are not able
to target Trp metabolism. Instead, they are substrates for
LATI amino acid transporters.

7) 2-['8F]CFsTrp is, presumably, able to target the
serotonin biosynthesis but not the KYN metabolism.

8) 1-['8FIFETrp and 1-[''C]MeTrp are substrates for
IDO but not for TPH.

9) The uptake of 1-['"®F]FETrp in tumour cells is parti-
ally dependent on IDO expression.

10) 4—6-['8F]FTrps are not stable in vivo.

11) In contrast, 7-['8F]FTrp is stable in vivo, and accu-
mulates in serotonergic areas and the melatonin-producing
pineal gland in rat brains. 7-['®F]FTrp uptake in tumour
cells depends on IDO expression.

12) 5-18F-Labelled Trps could be used for the visual-
ization of serotonin biosynthesis only if they are inhibitors
of TPH.

5. Conclusion

Dysregulation of tryptophan metabolic pathways represents
a prominent hallmark of various pathologies. Several
11C-labelled tryptophans, and especially o-[''Clmethyltryp-
tophan ([''C]JAMT) have already demonstrated their poten-
tial for tumour- and neuro-diagnostics. However, the short
half-life of ''C and laborious preparation of these radio-
tracers prevent their broader clinical application. The rapid
development of radiolabelling methods in the last decade
and, first of all, the discovery of Cu-mediated '8F-fluorina-
tion enabled efficient preparation of radiofluorinated Trp
analogues which were hardly or even not accessible before
in amounts sufficient for their preclinical and clinical
evaluation. In particular, 5-['8F]fluoro-a-methyltrypto-
phan (5-['8F]F-AMT), 1-(2-['®F]fluoroethyl)tryptophan
(1-['8F]FETrp) and 7-['8F]fluorotryptophan (7-['®F]FTrp),
already demonstrated their potential in preclinical studies,
are promising candidates which might improve clinical
diagnostics of age-associated disorders in the near future.
This work was supported by the DFG Grants ZL 65/1-1,
ZL 65/3-1, EN 439/6-1 and Russian Foundation for Basic

researches, Grant 20-53-12030\20, joint Project with DFG
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