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ABSTRACT

i spacer Indigenization is an unswerving strategy to make affordable nuclear

medicines that could make the targeted radioligand treatment (RLT) method

R accessible to the needy. Among the two common radioligand based

diagnostic methods, namely; single-photon emission computed tomography

Mo (SPECT), and positron emission tomography (PET), SPECT remains the most

¢ *=Radw.ide ehelator widespread and affordable method. Here in, we demonstrate the progress

:} OH e e« that we have attained in the research and development of synthetic organic

0K ™ iy ligands appropriate for SPECT and PET based prostate cancer diagnosis. As

o ] ] part of it, apart from the established PET based ligand, PSMA-11; to cater the

Depiction of in-house synthesis of  gxisting requirement for the SPECT based prostate cancer diagnostic ligands,

2-hydrazinonicotinic acid (2-HYNIC) we have materialized in-house synthesis of five 2-hydrazinonicotinic acid (2-
conjugated PSMA targeting ligands. HYNIC) conjugated PSMA targeting ligands.
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Introduction

Prostate cancer (PC), a common malignant cancer in men and
the second major cause of cancer related deaths is of late
showing alarming surge. [1-2] The estimated number of PC
cases globally will be ~3 million in a span of next one and half
decades [3-5], which would be more than double that was
observed in 2020. The surge in the number of cases is also
attributed to the advancement in the medical diagnostics, a
primary step in the treatment of cancer. Unlike many other
human disorders, diagnostic tools are periodically used
throughout the course of cancer treatment to estimate the
effectiveness of the treatment method adopted. Precise and
early stage diagnosis of cancer provides clinicians with the
liberty of all available treatment modes. It is perceptible that for
such conclusive diagnosis there is still room for the
development of diagnostic medicines effective at molecular
level. In Indian context, such developments possess great
relevance, as India is presently among the cancer hotspots of
the world [6,7] due to the significant surge in the number of
cancer incidences and associated deaths [8].

Among the existing non-invasive diagnostic techniques;
computed tomography (CT), magnetic resonance imaging
(MRI) [9], and radio ligand method, the latter is the most
sensitive molecular level diagnostic technique, which not only
stage the disease but also effectively sketch the treatment
progress after cancer therapy. Any effective radio ligand
method is based on the manifestation of a biomarker in the
targeted cancer cell type. This method is employed in prostate
cancer treatment by targeting biomarker, prostate specific
membrane antigen (PSMA) or glutamate carboxypeptidase Il
(GCPIl) [10], a type Il transmembrane glycoprotein over-
expressed on prostate cancer cell surface. To treat prostate
cancer through radio ligand method, few effective active
pharmaceutical ingredients (APIs), that target PSMA, has been
identified and is providing better treatment options for
clinicians, globally [11,12]. Unfortunately, most of the APIs
used for the radio ligand preparation comes with exorbitant
cost, which makes the treatment unaffordable to many
patients. PSMA-617 (1) and PSMA-11 (2), (Fig.1) are few much
sought APIs in the therapy and diagnosis, respectively, for
prostate cancer management[13-16]. To counter this menace,
we initiated the indigenization of APIs along with the
development of new APIs for cancer diagnosis and therapy.
Over the past 10 years, through our research and development
efforts, we successfully undertook the synthesis of some
important APIs for radiopharmaceuticals preparations. This
includes, three precursors (3a-¢, Fig.1) for [*F]-FLT (3), [17] a
positron emission tomography (PET) based brain cancer
imaging agent. More recently, few highly important ligands for
prostate cancer management, i.e. ligand for endotherapeutic
application, PSMA-617 (1), PET based diagnostic ligand,
PSMA-11 (2), and five SPECT based 2-hydrazinonicotinic acid
(2-HYNIC) conjugated PSMA ligands, HY-1N-I-PSMA (4), HY-2N-
I-PSMA (5), I-PSMA (6), I-AN-PSMA (7), HY-Hex-I-PSMA (8),
through indigenously developed synthetic protocols. When it
comes to prostate cancer diagnosis, in addition to the
established PET based ligand, PSMA-11, it is always
advantageous to have SPECT based PSMA ligand as it would
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give another easily accessible tool at the hands of nuclear
medicine physicians.

Practically, the main challenge with the PET based
medicine, [*Ga]Ga-PSMA-11, is the adequate accessibility of
*®*Ge/*®Ga generators, [18] which, to an extent can be
neutralized with the availability of **Mo/**"Tc generator driven
SPECT based PSMA ligands. It is also to be noted that in India,
at present, there are only few tens of functional PET scan
centres while the number of functional SPECT scan centres are
in hundreds. This obviously depicts the need for the
development of SPECT based prostate cancer diagnostic
agents so that the diagnosis can reach more number of
patients at an affordable cost. Among the bifunctional
chelators available for radionuclide, *"Tc, HYNIC is easily
synthesizable from cheap and commercially available
resources and is also a proven mono-dentate ligand. Therefore,
we opted to synthesize analogues of HYNIC conjugated PSMA
ligands employing multi-step organic synthesis and investigate
their labelling and diagnostic characteristics.
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Fig.1: Indigenous organic ligands/precursors: PSMA-617 (1), PSMA-11
(2), [*°F]-FLT (3), precursors for [*F]-FLT (3a-c), HY-Hex-I-PSMA (4), I-1N-
PSMA (5), I-PSMA (6), HY-1N-I-PSMA (7), HY-2N-I-PSMA (8).
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The main objective of synthesizing these ligands through
indigenous pathway is to make the radionuclide
chelated/conjugated ligand based targeted diagnostic
modality, nuclear medicine, affordable to the people of our
country. In this account, we demonstrate the synthetic
pathways that we have adopted for the synthesis of PET and
SPECT based organic ligands, PSMA-11 (2), HY-1N-I-PSMA (4),
HY-2N-I-PSMA (5), I-PSMA (6), I-IN-PSMA (7), HY-Hex-I-PSMA
(8) (Fig.1), useful for prostate cancer diagnosis, in a cost-
effective manner.

Results and Discussion

We initiated the synthesis of PSMA targeting diagnostic
ligands program with the synthesis of PSMA-11 (2), exercising
a homogenous solution phase approach. The rationale behind
the same is the leeway of espousing various synthetic
strategies, like Fmoc-, Boc-, Cbz- and Alloc-, for efficiently
achieving the target molecules. Among the three strategies
harnessed for the synthesis of PSMA-11; namely, Fmoc-, Boc-,
and Cbz-, we fathomed that the Cbz strategy [13,14] is the most
economical in achieving the target. Irrespective of the
strategies adopted, when it comes to the synthesis of amino
acid based urea containing PSMA targeting ligands, there
involves two synthetic segments. The first segment comprised
of the construction of the urea template, made from glutamic
acid and lysine; which serves as the moiety that binds to the
membrane bound protein target, PSMA. To achieve the
synthesis of this vital part of the target molecule, one can
visualize it through the appropriate selection of differently
protected hydrochloride salts (Fig.2) of glutamic acid (9), and
lysine (10a) [13-16]. The selection of the side chain protecting
group in lysine, and the protecting group at the amino end in
the spacer amino acid would decide the strategy towards the
target molecule. The second segment involves synthesis of N-
protected spacer, which in the case of Cbz-strategy for PSMA-
11 is N-Cbz protected w-amino-caproic acid (11a), can be

achieved in three steps from commercially available w-amino-
caproic acid [13]. The final coupling constituent in the
synthesis of PSMA-11 is the commercially available t-butyl
protected chelator, HBED-CC.

With the required amino acid precursors (9/10a/11a)
and HBED-CC in hand, the synthesis of PSMA-11 was initiated.
Initially, construction of orthogonally protected urea template
(15a) was achieved from the appropriately protected
hydrochloride salts of glutamic acid (9) and lysine (10a) as
shown in scheme 1, using disuccinimidyl carbonate or
triphosgene as the conjugating reagent in the presence of a
base. Subsequently, the benzyloxycarbamate (cbz) group inthe
urea template (15a) was removed using 10% Pd/C catalysed
flow reactor based heterogenous hydrogenation method to
furnish amine (16) (Scheme 2), which was coupled to amino
acid (11a) employing dicyclohexylcarbodiimide (DCC) as
coupling agent, to yield the adduct (17a). Subjecting (17a) for
hydrogenation reaction yielded amine (18), which on coupling
with HBED-CC yielded the fully masked organic compound
(19). Compound (19) on acid hydrolysis furnished the required
ligand PSMA-11, in purity >99.5%, post HPLC purification. The
structural veracity of the synthesized ligand was compared
with commercial PSMA-11 ligand and was found to be
equivalent. ®*Ga labelling studies conducted at BRIT, Vashi
further proved the authenticity of the in-house synthesized
PSMA-11. The PET based PSMA tracer, [*Ga]Ga-PSMA-11,
made from indigenous PSMA-11, is currently an RPC-approved
commercial product of BRIT, Vashi [19].

There is long and successful history for the use of SPECT
in diagnostic applications. This single-photon emission based
technique is still favoured method among clinicians due to the
enormous data available from its practice. Also, SPECT unlike
PET is relatively less expensive and hence is popular and easily
available in our country too. To date, for prostate cancer
diagnosis, no FDA approved SPECT based ligands are globally
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Fig.2: Amino acid constituents/templates for the synthesis of PSMA-11 and HYNIC-PSMA ligands.
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Scheme 2: Synthesis of PSMA-11 (3) and HY-Hex-I-PSMA (4): (a) 10% Pd/C, H, (15 Psi), MeOH; (b) Pd(PPh.),, Pheny! silane, CH,Cl,, 25°C; (c) DCC, DMF;

(d) TFA-H,0-PhSH; (e) HBTU, DIEA, DMF; (f) DIEA, DMF; (8) TFA-H,O-TIS.

available, even though extensive research efforts are in place,
worldwide, to achieve the same [20-25]. **"Tc being an
important y-emitting SPECT radionuclide, due to its easy
availability through *Mo/*"Tc generators [26], favourable
physical characteristics (y = 141 keV; 89% abundance), half-
life (T,,, = 6 h), and since various chelator based chemistries
are available to complex *"Tc there is major interest in
developing °°"Tc labelled organic ligands for imaging
applications. Among various chelators, HYNIC being one of the
popular and established bifunctional chelator we pursued the
synthesis of HYNIC based PSMA ligands in an attempt to find
an appropriate API for SPECT based prostate cancer diagnostic
agent. With the above perspective we pursued the synthesis of
five 2-HYNIC conjugated PSMA targeting ligands, (4), (5), (6),
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(7), and (8) as shown in Fig.1. Among them ligand (4), is the
2-HYNIC variant of PSMA-11, and can be achieved directly from
the amine (18) by reacting it with the succinimidyl derivative of
NBoc-HYNIC (14). Alternatively, amine (18) can also be
accessed through Alloc strategy, as shown in scheme 2, which
we have exercised to access all the targeted 2-HYNIC
conjugated PSMA ligands. The urea template (15b) was
achieved by the reaction of glutamic acid derivative (9) and
lysine hydrochloride derivative (10b) (Scheme 1) with
triphosgene as the conjugating reagent in the presence of an
organic base. Deallylation in (15b) was carried out using
Pd(PPh,), to achieve amino compound (16) which was coupled
with alloc protected w-caproic acid (11b) to furnish (17b)
(Scheme 2). Deallylation of (17b) using aforementioned
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palladium catalystyielded amine (18). The reaction of (18) with
HYNIC reagent (14) generated the HYNIC conjugated fully
masked adduct (20). Acid hydrolysis of triester (20) followed by
purification using HPLC yielded HY-Hex-I-PSMA (4) in desired
purity (>99.5%) [27].

For the synthesis of ligands I-1N-PSMA (5) and I-PSMA
(6), the amine (16) obtained after the deprotection of alloc
group in (15b) was subjected to coupling with alloc protected
amino acids (12a/b) to furnish adducts (21a/b) (Scheme 3).
In the ensuing step, Pd(PPh,), catalyzed alloc deprotection in
(21a/b) followed by conjugation with HYNIC reagent (14) under
basic condition furnished fully protected compounds (22a/b).
Acid hydrolysis of (22a/b) in the presence of cation scavenger
and subsequent HPLC purification afforded (5) and (6),
respectively [27], in the required purity. Ligands (5) and (6)
were characterized using analytical techniques like
spectroscopy (‘H/**C NMR, IR), HPLC and MS to ascertain their
molecular structures [27].

For the synthesis of remaining HYNIC-PSMA analogues,
HY-1N-I-PSMA (7) and HY-2N-I-PSMA (8), the intermediate
compounds (21a/b) prepared as per scheme 3 was used as
the precursors. Following the demasking of alloc group in
(21a/b), the amines furnished were coupled with alloc
protected tranexamic acid (13) to yield corresponding
compounds (23a/b) (Scheme 4). Deprotection of amino group
in (23a/b), using the reaction condition mentioned before,
followed by ligation with HYNIC reagent (14) yielded protected
ligands (24a/b). Global removal of protecting groups in
(24a/b) under acidic conditions furnished a crude product that
on HPLC purification yielded (7) and (8), respectively, as foamy
white solids. The structural integrity and the purity of the
isolated product was confirmed by NMR, HPLC and LCMS
analysis [27].

Subsequent to the synthesis of five important 2-HYNIC

99m.

IabellingstudiesusingSPECTradionucIide Tc, obtained from

*Mo/*"Tc generator, at Radiopharmaceuticals Division
(RPhD), BARC. The preliminary labelling studies were
encouraging, with two among the five ligands exhibited
labelling efficiency greater than 90% sufficient for direct
human applications and the other three analogues exhibited
>70% labelling efficiency, evoking the requirement of further
optimization of labelling conditions [27]. Currently, the
synthesized HYNIC-PSMA ligands are in different stages of
limited clinical evaluation.

Overall, apart from the pursuit for new ligands for
diagnostic applications, through a fruitful collaborative
research program with BRIT (Vashi), RMC (Radiation Medicine
Centre) and TMH (Tata Memorial Hospital) we were successful
in the indigenization of the ligand, PSMA-11, for the
preparation of PET based prostate cancer diagnostic agent
[®Ga]Ga-PSMA-11. These developments are triggered by the
success that we savoured with the fully indigenously developed
[""Lu]Lu-PSMA-617, by BOD, BRIT (Vashi), RPhD, RMC, and
TMH [28], by virtue of which more than 3000 patients were
benefitted through nuclear medicine centres established
across India.

Conclusions

Solution phase based Chz-strategy was found to be an
economical method for the synthesis of PET based prostate
specific membrane targeting ligand, PSMA-11. Radiolabelling
studies of the in-house synthesized PSMA-11 (2), carried out at
BRIT (Vashi), afforded corresponding labelled products in
purity >98% appropriate for direct human applications. Clinical
studies conducted at TMH (Parel), using the nuclear medicine,
[®Ga]Ga-PSMA-11, made from indigenous PSMA-11 ligand,
showed results comparable to the commercial equivalents and
is currently an RPC approved product. Through the in-house
developed synthetic strategy, we are capable of synthesizing

conjugated PSMA ligands, all the ligands were subjected to  the valuable import substitute, PSMA-11, in sufficient
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quantities with purity >99.5%. In an effort to make SPECT
based prostate cancer diagnostic agents we have achieved the
synthesis of five 2-HYNIC conjugated-PSMA ligands namely;
HY-1N-I-PSMA (4), HY-2N-I-PSMA (5), I-PSMA (6), I-1IN-PSMA
(7), HY-Hex-I-PSMA (8), using a solution phase based Alloc-
chemistry. Spectroscopic techniques, HPLC, and MS were
utilized to establish the structure of the synthesized ligands.
Labelling studies using *"Tc with the synthesized ligands,
conducted at RPhD, gave satisfactory results and the fully
indigenous [*"Tc]Tc-HYNIC-PSMA tracers are in different
phases of clinical evaluation.
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