Theranostics 2017, Vol. 7, Issue 6

1524

A7 1y
D,,/\ I

VS

/

h IVYSPRING

INTERNATIONAL PUBLISHER

“7hevanostics

2017; 7(6): 1524-1530. doi: 10.7150/ thno.19371

Short Research Communication

Synthesis of 5-['°F]Fluoro-a-methyl Tryptophan: New
Trp Based PET Agents

Benjamin C. Giglio*, Haiyang Fei?*, Mengzhe Wang!, Hui Wang!, Liu He!, Huijuan Feng!, Zhanhong Wul,
Hongjian Lu?*, Zibo Li'*

1.

2.

Department of Radiology and Biomedical Research Imaging Center, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599, USA;
Institute of Chemistry and BioMedical Sciences, School of Chemistry and Chemical Engineering, Nanjing University, Nanjing 210093, China.

*These authors contributed equally to the research work.

P4 Corresponding authors: hongjianlu@nju.edu.cn; ziboli@med.unc.edu

© Ivyspring International Publisher. This is an open access article distributed under the terms of the Creative Commons Attribution (CC BY-NC) license
(https:/ / creativecommons.org/licenses/by-nc/4.0/). See http:/ /ivyspring.com/ terms for full terms and conditions.

Received: 2017.01.27; Accepted: 2017.03.09; Published: 2017.04.07

Abstract

Indoleamine 2,3-dioxygenase (IDO1) plays a special role in the biology of various cancer types,
because it breaks down the essential amino acid tryptophan for immune cell activation.
Upregulation of IDOI significantly correlates with the number of various T cell types in tumor
tissues in melanoma and other cancers, suggesting that IDO expression is linked with effective and
ineffective (‘exhausted’) immune response in cancer. Based on the reported IDO inhibitors
(a-Methylated and indole-N-methylated tryptophan (Trp)), here we report the synthesis of
potential IDO1 imaging agents through direct introduction of '°F into the tryptophan aromatic
ring. Overall, the resulting PET agents could be obtained in high radiochemical purity (>97%) with
labeling yield ranges from 4.2-14.9% decay corrected yield. Using Trp as the model compound, our
results also demonstrate that '®F could be directly introduced to the Trp backbone at the 4, 5, 6,
and 7 position. Moreover, our initial imaging study suggests that 5-['®F]F-L-a-methyl tryptophan
(5-['®F]F-AMT) holds great potential for cancer imaging. The success of this approach will provide
researchers easy access to a library of Trp/Trp-derivative based PET agents for biomedical
research, including potential IDOI targeted imaging.

Key words: 8F radiolabeling, Positron emission tomography (PET), Tryptophan (Trp), Indoleamine
2,3-dioxygenase (IDO1), Immunotherapy.

Introduction

Several PD-1/PD-L1 pathway inhibitors were
recently approved by FDA for various solid tumor
malignancies. However, not every patient will
respond to these expensive, lifelong treatments [1]. In
contrast to small molecule inhibitors, whose use is
contingent upon a companion diagnostic, there are no
reliable biomarkers for predicting/monitoring
immunotherapy outcomes. Clearly, there is an urgent
need to identify predictive biomarkers of response to
these treatments. Indoleamine 2,3-dioxygenase
(IDO1) plays a special role in the biology of various
cancer types because it breaks down the essential
amino acid tryptophan for immune cell
activation.[2-5] Upregulation of IDO1 significantly

correlates with the number of various T cell types in
tumor tissues in melanoma and other cancers,
suggesting that IDO expression is linked with
effective and ineffective (‘exhausted’) immune
response in cancer [2, 6-8].

As a powerful and highly sensitive imaging
technology, positron emission tomography (PET) is
becoming increasingly popular to non-invasively
study metabolic processes and track radiolabeled
biomolecules in wvivo [9-13]. Among various PET
radionuclides, 'F is one of the most widely used ones
due to its clinically attractive half-life (t1/2 = 110.8 min,
allowing synthesis and transportation), high positron
efficiency (3* = 97%, leading to high sensitivity), and
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relatively low positron energy (leading to better
resolution compared with PET isotopes that have
higher  positron  energy) [14]. To  date,
18F-2-deoxy-2-fluoroglucose (FDG) is the most widely
used PET agent in the clinicc however, it has
limitations for a number of applications.[15, 16]
Currently, there is a great need to develop novel PET
probes that are more specific to the process of interest.
In light of the great significance of IDO1 in
immunotherapy, we have been actively developing
novel 18F labeled PET agents to monitor its activity in
vivo.

As an essential amino acid, tryptophan (Trp) and
its metabolites are involved in various human
diseases including cancer, neurodegenerative
disorders, and diabetes [2, 17-19]. For example, in

addition to participating in protein synthesis,
tryptophan could also be metabolized to
L-kynurenine through the indoleamine

2,3-dioxygenase 1 (IDO1) pathway, which plays a key
role in tumor growth and immune system
suppression.[20] Alternatively, tryptophan could be
metabolized to serotonin that regulates various
neuro-activities and insulin secretion (Fig 1) [21].
Clearly, radiolabeled tryptophan and its derivatives
could potentially offer a non-invasive method to
study tryptophan metabolism in various diseases
[22-33]. As mentioned above, we have been
particularly interested in developing a PET agent to
study IDOL1 activity during cancer progression or
treatment.

Previously, several "C and F labeled
tryptophan derivatives have been developed and
tested as PET agents for IDO targeted imaging [25,
34-36]. In fact, a-[""C]methyl-L-tryptophan
(["C]-AMT), an analogue of tryptophan, is an
inhibitor of IDO, but not a substrate of protein
synthesis. [1'C]-AMT has demonstrated great
potential in cancer research studies. However, due to
the short half-life of 1'C, the application of [''C]-AMT
is limited to a certain extent to facilities with an on-site
cyclotron. Novel 8F-labeled tryptophan derivatives
may be able to address this limitation. Indeed,
18F-labeled tryptophan derivatives have been
synthesized by introducing additional functional
groups (such as an aliphatic chain) for fluorination
[25, 30]. Herein, we report the radiosynthesis of
tryptophan and tryptophan analogs having 8F
attached to their aromatic ring.

Results and Discussion

In our design (shown in Fig 1), we aimed to
directly incorporate 8F into the tryptophan aromatic
ring because the comparable size of F and H would
not considerably change its biological activity (F is a

bioisostere of H; the polarity would be different,
which may change the clearance rate, binding
potential, or metabolites). Moreover, because the
competitive Trp metabolism pathway involves the
enzyme tryptophan hydroxylase (Tph, introducing
the OH group at Trp 5 position), replacing the C-H
with C-F bond at 5 position may make the resulting
PET agent more specific to IDO. To synthesize our
desired compound, electrophilic fluorination could
have been the easiest approach. Unfortunately,
electrophilic [8F]-fluorination suffers from several
well-recognized drawbacks from a radiochemistry
point of view. Carrier added methods are generally
used for the production of [8F]F, gas that requires
special equipment for its handling. It can react
unselectively and lead to a mixture of products. This
complication could lower the radiochemical yield
(RCY) and make the final product difficult to purify.
Therefore, it would be ideal if our lead compound
could be made from [8F]F-, which is difficult to
achieve on an electron-rich aromatic ring. However,
with the recent development of metal catalyzed
fluorinations, direct radiolabeling of the tryptophan
aromatic ring using no-carrier added '8F becomes
feasible [24, 37, 38].

Adapting the copper-catalysed reaction, we first
explored the synthesis of 5-['8F]F-a-methyl-L--
tryptophan (['®F]-5, 5-['8F]F-AMT). As shown in
Scheme 1, the 5-BPin-AMT (derivatives 4 and 9,
precursors for 5F-AMT) could be synthesized by two
approaches. The method shown in Scheme 1A has
fewer synthetic steps to reach the boronic ester
precursor. However, the elevated temperature of the
deprotection conditions following radiofluorination
are harsher. Conversely, the alternative method has
more synthetic steps (Scheme 1B), but has the benefit
of a milder deprotection step (lower temperatures)
following radiofluorination. We were able to
synthesize 5-['®F]F-AMT in 7.6% isolated yield with
precursor 4 (10.9% decay corrected yield) and 10%
isolated yield with precursor 9 (14.9% decay corrected
yield). Both precursors yielded the product with a
high radiochemical purity (see supporting material).

In addition to 5F-AMT, N-alkylated tryptophan
derivatives have also been developed as substrates or
inhibitors of enzymes (for example, 1-Me-D-Trp is a
potent IDO inhibitor; 8F-FETrp is a potential PET
agent for IDO). So we expanded the approach to
include tryptophan derivatives with N-methyl
substitution. We synthesized 1-methyl tryptophan
derivatives 14a-d possessing the BPin prosthetic at
position 4, 5, 6, or 7 of the indole ring in moderate to
high vyields, 31-81% (Schemes 2A and 2B and
supporting information). With these agents in hand,
we then selected 5-Bpin-1-Me-Trp derivative 14a as an
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example for a labeling test.
5-['8F]Fluoro-1-methyl-L-tryptophan (['8F]-15a,
5-["8F]F-N-MT) was obtained in 7.9% isolated yield
(11.2% decay corrected yield) with a high
radiochemical purity.

Although replacing the C-H bond with C-F bond
at 5 position is preferred in our initial approach (with
the assumption that it may block the metabolic
pathway at 5 position similar to 8F-FDG vs glucose), it
could also be valuable to generate Trp based PET
agent that are fluorinated at other positions of indole
ring. To explore this idea, we synthesized 18F-labeled
derivatives of tryptophan devoid of a methyl
substituent at the 1-position or the alpha position. In
fact, 4-['8F]F-Trp, 5-['F]E-Trp and 6-["8F]F-Trp have
been reported before, but limited examples of
radiofluorination at position 7 exist [24, 31-33, 37, 38].
As shown in Scheme 3A, starting from iodinated or
brominated tryptophan derivatives, the boronic ester
group was successfully introduced at positions 4, 5, 6,
and 7 of the indole ring via Miyaura borylation
(18a-d). The nitrogen atom on the indole ring was also
protected by the Boc protecting group to prevent a
decrease in radiolabeling yield due to the presence of
the acidic N-H group.

We then explored the radiolabeling of 4-, 5-, 6-,
and 7-BPin-Trp (Scheme 3B). Starting from dry
18F-tetrabutyl ammonium fluoride (*F-TBAF), the
labelling was carried out at 110 degree for 20 min
followed by one step deprotection yielding 4-, 5-, 6-,
7-[F]E-Trp ([**F]-20a-d) in 2.8-10% isolated yield
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N
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(4.2-14.9% with decay correction). Because the Cu
reagent is base sensitive, the labeling yield was found
to decrease when a larger volume of SF-TBAF
solution was used for the reaction. This has been
attributed to the higher amounts of residual
tetrabutylammonium bicarbonate phase transfer
catalyst present in larger volumes of 8E-TBAF
solution.[39] Protection of the acidic indole -NH- was
employed to increase the yield of the acid sensitive 18F
fluoride utilized in the labeling reaction. However,
during the synthesis of 7-BPin-Trp derivative 18d, the
Boc protecting group on the indole nitrogen atom was
lost, and could not be reinstalled, likely due to steric
crowding between the large BPin and the Boc
protecting groups. Nonetheless, 7-['8F]E-Trp ['8F]-20d
could still be obtained in a reasonable yield (8.8%
yield, decay corrected), indicating that protection of
the indole -NH- group is not mandatory. In addition,
for some of the agents (4-BPin and 7-BPin Trp),
optically pure starting materials were not used, as our
main focus was to validate that the chemistry and
radiochemistry could be applied to these categories of
compound. In future studies, we plan to separate the
stereoisomers by chiral chromatography and evaluate
the importance of optical purity [25]. Clearly, our
work demonstrates that '8F-labeling using boronate
precursors can be adapted for the synthesis of 4-, 5-, 6-
and 7-['"®F]fluoro tryptophan derivatives. The same
approach may allow fluorination at similar position of
N-methyl and a-methyl Trp as well.
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Figure 1. Introducing '8F at the aromatic ring represents minimal structural change and holds the potential to block Tph pathway by replacing C-H bond with C-F

bond.
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Scheme 1. Two approaches for the synthesis of 5-[18F]F-AMT. The deprotection steps include both acid (TFA) and base (KOH/NaOH).
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Scheme 2. (A) The procedure for the preparation of 5Bpin-N-MT. (B) The prepared Bpin-N-MT. (C) The procedure for the synthesis of 5-[18F]F-N-MT.
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Scheme 3. (A) The procedures for the preparation of Bpin-Trp. (B) The procedure for the synthesis of [!8F]-4F, 5F, 6F or 7F-Trp.

We would like to point out that initial biological
evaluations of our newly synthesized probe has been
performed in this report. Additional experiments are
still needed to investigator whether the IDO
expression correlates with PD1/PD-L1 expression in
these models. Nonetheless, we do feel it is highly
valuable to provide researchers an easy access to a
library of Trp/Trp-derivative based PET agents using
our reported approach. In order to ensure that
5-[18F]F-AMT could be used for IDO imaging, we
performed cell and enzyme based assays. We first
tested whether 5-[18F]F-AMT is a substrate for the IDO
enzyme, and compared the result with that of the
natural substrate Trp and a known IDO agent,
a-methyl-L-tryptophan (AMT). As shown in Fig 2A,
the absorbance at 490nm for the reaction containing
L-Trp, AMT, or F-AMT was 0.21 + 0.01, 0.19 + 0.02,
and 0.16 = 0.03 (results from 3 independent assays),
while the control reaction system had no absorbance.
These results suggested that all three compounds are
substrates for IDOL1. It is known that IFNy treatment
can upregulate IDO1 expression [40]. We therefore
performed a cell based assay to further evaluate our
agents. The uptake of 5-[18F]F-AMT in IFNYy treated
cells was 3.474 + 0.6451 % compared with 0.50 + 0.28
% in control cells after 1 h incubation (p<0.001). When
the IFNYy -treated cells were incubated with NLG919,
an IDO1 inhibitor, the uptake of 5-['8F]F-AMT
decreased to 0.88 + 0.12 %, which was comparable
with control cells (p>0.05) but significantly lower than
that in IFNy -treated cells. These results indicated that
the cell uptake of 5-['8F]F-AMT is associated with
IDO1 expression levels (Figure 2B). The serotonin

pathway is a competitive metabolic route for Trp and
its derivatives. In the first step Tph adds a hydroxyl
group to position 5 of the indole ring. We evaluated
whether the introduction of fluorine at the 5-position
would affect metabolism by Tph. As shown in Fig S1,
immediately after adding L-Trp to the reaction system
containing the tryptophan hydroxylase enzyme, the
fluorescence signal increased from a baseline value of
-0.266 to 40.885 and reached a peak value 58.350 at 26
min. Immediately after adding AMT to the reaction
system, the fluorescence signal increased from a
baseline value of -0.312 to 21.145 and reached a peak
value of 36.607 at 34 min. However, adding 5-F-AMT
to the reaction system only resulted in an increase to
5.635 (from -1.026), and the peak value was only 8.176
(at 25 min). These results demonstrate that, compared
with Trp and AMT, 5-['8F]F-AMT is a worse substrate
for Tph.

There are at least four variables in our
tryptophan based probe design: 1) fluorination
position on tryptophan aromatic ring; 2) D and L
configuration; 3) N-substitution at position 1; 4)
a-methylation. Combination of two or multiple
variables would significantly expand the library of
Trp/Trp-derivative ~ based PET  agents for
investigators to evaluate further in biomedical
research. Indeed, the initial small animal PET imaging
using 5-[18F]F-AMT has revealed prominent tumor
uptake in B16F10 tumor model (Fig 2C). The tumor is
clearly visible. The kidney showed initial high uptake
at 30 min, which could be cleared at late time point.
Further evaluation is being pursued in our follow up
study.
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Figure 2. (A) IDOI enzyme assay: L-Trp, AMT, and F-AMT are substrates to IDO1 enzyme. (B) Tph enzyme kinetics assay. (C) 5-['8F]F-AMT uptake in untreated
Hela cells and those treated with IFN-y without/with IDOI inhibitor NLG919. (D) Decay-corrected whole-body small PET-CT images of B16F10 melanoma after 30
min injection of 5-['18F]F-AMT and ROI derived biodistribution data. The images are coronal, axial, and skeleton view.

Conclusion

In conclusion, our results clearly demonstrated
18F could be directly introduced to the Trp backbone
(including the 1-methyl or a-methyl Trp) at position 5.
Using Trp as the model compound, fluorination at
position 4, 5, 6, and 7 has also been validated.
Moreover, the initial small animal PET imaging
demonstrated the great potential of using
5-["8F]F-AMT for targeted cancer imaging. A detailed
mechanism study is being pursued in our follow up
study to further confirm its specificity in vivo.

Supplementary Material

Experimental procedures, characterization data for
new compounds, HPLC traces, and cell biology,
enzyme assay and imaging procedures.
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