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1 | INTRODUCTION

Unification of molecular biology and in vivo imaging resulted in the
advent of a new discipline popularly known as “molecular imaging” in
the field of medical diagnosis. It allows the visualization of the cellular
functions and dynamic molecular processes in living cells noninva-
sively. The unique ability of this new technique allows it a multifarious
entry into the field of disease diagnosis especially in cancer, inflamma-
tory, neurological, and cardiovascular diseases.

Conventional imaging techniques such as X-ray, ultrasound, com-
puted tomography (CT), and magnetic resonance imaging (MRI) can
detect only morphological and anatomical changes in organs and tis-
sues and often fail to distinguish abnormalities arising due to inflam-
matory and pathological diseases.® In molecular imaging, targeted or
nontargeted “radiolabeled or fluorescent tracers” are systemically
introduced into the biological system and monitored for their ready
uptake by abnormal or hyperactive tissues. Abnormal cells overex-
press special cell surface proteins that are anchored on the plasma
membrane of the cells during diseased conditions. These cell surface
proteins are also called “biomarkers” and have high affinity for their
natural substrates or ligands.

Binding of radiolabeled or fluorescent ligands to the overexpressed
cell surface proteins helps detection of diseased cells and distinguishes
them from normal and healthy tissues. On the basis of this principle,
several new methods were discovered for molecular imaging applica-
tions. Among those methods, magnetic resonance spectroscopic imag-
ing (MRSI); radionuclear imaging such as single photon emission CT
(SPECT), and positron emission tomography (PET); and optical imaging
techniques are the most commonly described modalities for detection
of malignancy.? Separately or in combination with conventional
tools, these techniques are employed to understand the cellular pro-
cesses responsible for the onset and progression of the diseases and
for the evaluation of new cancer imaging agents and drug candidates.

A recent study conducted by the American Cancer Society states
that worldwide there were 729 000 new cases of cancer in 2018. It
is now estimated that 27 million people will be diagnosed for cancer
by 2030 resulting in 17 million deaths every year.* This is partially
attributed to the use of tobacco and high-fat diets, but a lack of early
detection and diagnostic methods is an indirect cause for cancer-

related mortality and morbidity. Among all the cancers, prostate

This report discusses in detail the homing moieties used in the devel-
opment of targeted diagnostic tools for detection of PCa. The merits and demerits
of monoclonal antibodies, small molecule ligands, peptides, and aptamers for imaging
of PCa and intraoperative guided surgery are extensively analyzed. Among all, urea-
based ligands were found to be most successful in preclinical and clinical trials and

show a major promise for future commercialization.

biomarker, diagnosis, near-infrared imaging, prostate cancer, PSMA, radionuclear imaging

cancer (PCa) is the second leading cause of death, next only to lung
cancer among men in the United States, accounting for 30 000 deaths
per year. Moreover, approximately 161 360 patients were annually
diagnosed to suffer from PCa in the United States and 1.1 million
men worldwide,®> making it a lethal disease with a significant health
burden on the society. The estimated health care cost for treatment
and maintenance of newly diagnosed PCa patients is quite expensive
and amounts to $8 to $10 billion per annum in the United States.®
Furthermore, the quality of life of a newly diagnosed PCa patient is
immensely affected because of psychological and emotional chal-
lenges. This is because the quality of life generally depends on the dif-
ferences in the treatment modalities employed and stages of cancer.
Whereas surgical treatment causes urinary incontinence, erectile dys-
function, and polyuria, radiation therapy results in momentary urinary
obstruction, irritation of bowel, fecal incontinence, and painful hemor-
rhoids. Also, PCa in its advanced stages tends to metastasize to distant
organs and bones, which affects the patient's life significantly due to
bone erosion, cognitive decline, muscle wasting, and osteoporosis side
effects.” Therefore, accurate initial diagnosis to determine the stage of
disease remains to be a major challenge in the PCa treatment.
Considerable efforts have been directed to critically analyze and
summarize all the research activities in the field of PCa diagnosis for
the past several decades. Reviews detailing the importance and discov-
ery of new molecular biomarkers® for prognosis and the currently used
diagnostics and therapeutics®° for PCa have been published. In 2018,
refined advances in prostate-specific membrane antigen (PSMA)-

targeted PET/CT imaging techniques'*™®

using various positron emis-
sion radioisotopes for early detection of PCa, management of metasta-
tic castration-resistant prostate cancer (nCRPC), and their applications
in detection of recurrent disease by guided biopsy and surgery*® were
published. There are also recent reports that exclusively cover clinical
translation of PSMA-targeted ®Ga and *”’Lu radioisotopes for detec-
tion and therapy of PCa in humans.*”* However, a comprehensive
analysis exhaustively describing various diagnostic methodologies
using targeted molecular imaging techniques is yet to be compiled.
The objective of this report is to fulfill this gap by providing a critical
analysis and detailed comparison of molecular imaging technologies
based on different PSMA targeting motifs generated for the past sev-
eral decades till today for detection of prostate malignancy in our labo-

ratory as well as other research groups across the world.
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2 | CONVENTIONAL DIAGNOSTIC
METHODS

Current diagnosis of PCa is most often carried out through digital rec-
tal exam (DRE), measurement of prostate-specific antigen (PSA) levels
in serum, needle biopsy of disease suspected tissue using transrectal
ultrasound (TRUS) technique.?’® However, during examination by
DRE or prostate biopsy, high physical discomfort is reported by the
patients making it a less preferable diagnostic method.?* Another dis-
advantage of DRE is that it can only detect the PCa in its more
advanced stages as the small grade tumors escape the attention when
the disease is in the early stage of manifestation.?? Although the Food
and Drug Administration (FDA) approved PSA blood test is the most
commonly employed screening test to detect prostate malignancy in
the United States, its elevation in the serum level during benign pros-
tatic hyperplasia (BPH), prostatitis, prostatic infarction, and urinary
tract infections results in high false-positive tests and low specificity
rates creating a controversy on its reliability.?® Further, a decline of
PSA level in the blood while undergoing treatment for BPH or alopecia
necessitates the requirement of additional tools to predict the accu-
racy of the disease detection.?* In addition, proton magnetic reso-
nance spectroscopy (MRS) in combination with MRI provides
accurate localization of the disease in certain regions of the prostate
organ such as apex when compared with blind sextant biopsy.2>2¢
Other than the aforementioned techniques, pelvic lymph node dissec-
tion (PLND) is the most commonly employed diagnostic method when
the organ confined PCa spreads to lymphatic tissues. However, this
method is invasive, expensive, and associated with high rate of sick-
ness.?” Under such circumstances, noninvasive CT and MRI are pre-
ferred methods for staging the lymph nodal metastatic disease
because of its higher specificity. But a recent statistical analysis of
the literature data collected over two decades reveals that these
methods cannot accurately detect and distinguish lymph node metas-
tasis from localized PCa.?® Therefore, more sensitive and specific
methods of detection are required to assess the primary and metasta-
tic stages of disease to considerably reduce cancer-related morbidity

and mortality in the world.

3 | PROSTATE CANCER BIOMARKER

In order to overcome the constraints involved in the existing diagnos-
tic methods for PCa, untiring efforts by various researchers across the
world have led to the discovery of a special cancer biomarker called
(PSMA) that is

overexpressed on PCa cells.?”*C PSMA is one of the most extensively

prostate-specific membrane antigen highly
studied biomarker among the 91 known PCa biomarkers, which are in
one way or other related to the origin of PCa, its progression, and
recurrence after primary treatment.>* PSMA belongs to a family of
type Il membrane bound glycoproteins®? overexpressed on the cell
surface of most of the PCa cells (Figure 1). It is not a secreted protein
in quite contrast to the other two prostate proteins such as PSA and

).33

prostatic acid phosphatase (PAP).>* Crystal structure analysis of the
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FIGURE 1 Schematic diagram of prostate-specific membrane
antigen (PSMA) structure. PSMA is a type Il transmembrane protein
with a short NH,-terminal cytoplasmic domain (CD), a hydrophobic
transmembrane region (TM), and a large extracellular domain (ED). The
CD contains an endocytic targeting motif and filamin A (FLNa) binding
site (A). The large ED is highly glycosylated with nine predicted N-
glycosylation sites (Y). The ED contains two domains of unknown
function that span amino acid residues 44-150 (B) and 151-274 (D),
proline- and glycine-rich regions that span amino acid residues 145-
172 and 249-273, respectively (C and E), a catalytic domain that spans
amino acid residues 274-587 (F), and a final domain of unknown
function (amino acids 587-750) to which a helical dimerization domain
(amino acids 601-750) is localized (G). Reproduced with permission
from Rajasekaran et al®2

PSMA's external peptide chain,®** which consists of 44 to 750 amino
residues and two zinc atoms, revealed deep insight into the binding
pockets of the ligands or inhibitors, catalytic sites, and substrate
hydrolysis mechanism of this enzyme (Figure 2). This can provide
rationale for molecular designing of new PSMA targeting motifs that
can be used for diagnosis and treatment of PCa and neurological dis-
eases.®> PSMA is also called as glutamate carboxypeptidase Il or folate
hydrolase due to its enzymatic ability to cleave terminal glutamate
moiety from the neurodipeptide, N-acetyl-aspartyl-glutamate (NAAG),
and y-linked polyglutamates.36 Even though physiological function of
the PSMA remains unclear,®” its overexpression during the onset of
PCa was confirmed unequivocally by performing immunohistochemi-
cal staining on several normal and malignant tissues.

Also, the expression level of the PSMA markedly increases in the

36,38-40

advance stages of the cancer especially in poorly differentiated
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FIGURE 2 A, Structure of GCPII (A, B). Three-dimensional structure of the dimer. One subunit is shown in gray, while the other is colored
according to organization into domains. Domain | (light blue), domain Il (yellow), and domain Il (brown). The dinuclear zinc cluster at the active
site is indicated by dark green spheres, the Ca%* ion near the monomer-monomer interface by a red sphere, and the CI™ ion by a yellow sphere. The
GPI-18431 inhibitor is shown as small beige balls. The “glutarate sensor” (the $15/B16 hairpin) is shown in light green. The seven carbohydrate
side chains located in the electron density maps are indicated. The position of the structure relative to the membrane is shown in (A). B, Provides a

view into the “cup” of the dimeric enzyme. The entrance to the catalytic site is indicated (“E”). Reproduced with permission from Mesters et a

hormone refractory PCa*'#2

and metastatic PCa of lymph nodes,
bone, rectum, and lung tissues.***> The PSMA expression in
androgen-independent metastatic tumor is especially considered cru-
cial because almost all the types of PCa eventually becomes
hormone-independent and resistant for treatment with the known
therapeutic agents. At this stage, no cure is known for the disease
affecting the patient's life irreversibly. PSMA's expression is originally
thought to be confined to the prostate organ, but later studies have
demonstrated that it is also expressed in several benign tissues such
as proximal renal tubules, duodenum, colon,®” and brain®>#¢ albeit
many times lower when compared with tumor tissues.>® At last, recent
findings disclose that the PSMA is also expressed in the endothelial
cells of tumor-associated neovasculature of several nonprostatic solid
malignancies but not in the normal or healthy blood vessels. This con-
dition is utilized to deliver diagnostic or therapeutic agents during
nonsmall cell lung cancer, colorectal carcinoma, and glioblastoma other
than the PCa.*8*” Collectively, PSMA's unique characteristics and its

|48

expression of a million receptors per cancer cell™ renders it as the

most suitable biomarker for diagnosis of primary and metastatic PCa
by PSMA-targeted molecular imaging agents.

PSMA-targeted molecular or functional imaging agents that are
currently employed for the diagnosis, staging, and prognosis of PCa
can be broadly classified into two categories: radionuclear and optical

imaging agents. They can be derived from PSMA-specific antibod-

f e 45,49-81
»

ies small molecular weight ligands,??1?? targeted nanoparti-

124,125 127-136

peptide derivatives,'?® aptamers, and

137,138

cles,'?® peptides,

engineered antibodies.

|34

3.1 | Radionuclear imaging agents

Approximately, 80% of all the radiopharmaceuticals used in the
nuclear medicine technology are °*™Tc-labeled compounds.*® The
6 hours half-life, 140 keV decay photons and the ease of production
of millicurie amounts of *°™Tc from a generator, allows a radiochemist
to quickly carry out the radiopharmaceutical preparation and to collect
useful images with high spatial resolution in short time. The desirable
properties of **"Tc made it as the most commonly used radionuclide
in diagnostic nuclear medicine technology followed by lIn
(t1/2 = 2.83 days). Whereas short-lived positron emitting nuclides used
PET studies (*F [ti,, = 109.8 minutes], “®Ga
[ty = 67.7 minutes), *!C [ti,» = 204 minutes], N [t,,
2 = 9.96 minutes], and *°0 [t1/, = 2.04 minutes]) have only restricted

in  clinical

applications due to their rapid decay and the tedious nature of their
production. Nevertheless, *F and ®Ga isotopes are increasingly
employed for acquiring high-resolution PET images. °®Ga has
attracted more attention recently because of its ease of production
from %8Ge/%®Ga generator unlike 8F radioisotope that requires an

in-house cyclotron facility.

3.1.1 | Monoclonal antibody

SPECT and PET radioisotopes-labeled monoclonal antibodies
The first monoclonal antibody (mAb) specific to PSMA, 7E11-C5.3,
also known as CYT 356, was developed in the late 1980s using

hybridization technique from murine IgG1. The radioactive version
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of the antibody, 7E11-C5.3-GYK-DTPA-'!In conjugate, was shown
to localize in the xenograft mouse model of PCa.*® Since then, mAb
has spurred interest in the development of new imaging agents for
the detection of human PCa and had become a new diagnostic tool
in the field of prostate oncology. Initial pharmacokinetics studies
demonstrated that the mAb immunoconjugate CYT-356 specifically
localized in LNCaP cells with a tumor to blood ratio of 3:1. Further,
clinical trials of PCa patients with ***In-CYT-356 conjugate by scintig-
raphy technique was promising and shown to detect both localized as
well as metastatic PCa's with high specificity where conventional
imaging modalities failed to detect any distant metastatic or soft-
tissue lesions.> Because of this success, it was approved by the
FDA for noninvasive imaging of metastatic PCa patients under the
commercial name “ProstaScint” (Cytogen Corporation, Princeton,
NJ). It is also called as **In-labeled capromab pendetide or
“immunescan.” The antibody conjugate binds to the intracellular
domain (N-terminus) of the PSMA and therefore believed to detect
only the necrotic or membrane ruptured cells of the prostate tumor.>?
11 n-capromab pendetide detects primary and metastatic diseases in
patients in whom pelvic lymphadenectomy is planned before radical
prostatectomy.>>>* Further, a phase Il clinical trial of ProstaScint
detects the sites of occult recurrence,®>>® bone metastases, pelvic
node recurrence, and the extent of metastatic spread in the men with
hormone refractory disease.>” However, the extent of primary tumor
or capsular invasion cannot be confirmed using this mAb, and the
interpretation of the scan result was highly difficult due to poor
tumor-to-background ratio and lack of anatomical references.*®
According to another study, the 1*1In-CYT-356 conjugate was shown
to have better prostate:muscle ratio (greater than three) in the pros-
tate bed during the recording of SPECT pelvic images. This study
was shown to correlate well with the high incidence of residual PCa
following prostate biopsy.”®%°® The ProstaScint scan even detected
far distant metastasis of the PCa such as to the lung in a patient
who does not show any evidence of the recurrent disease 11 years
after prostatectomy.®® Recently, to simplify the interpretation of
ProstaScint scan, hybridization of SPECT with CT and MRI was per-
formed to provide three-dimensional (3-D) hybrid images of the
tumor that has been metastasized to prostate capsular region and
seminal vesicles with higher accuracy. The problems associated with
the two-dimensional (2-D) SPECT scans are inherent in most of the
antibody-based imaging methods due to the special characteristics
of tumor blood vessels. Tumor blood vessels are usually leaky, which
is favorable in the sense that it enables antibodies to easily reach can-
cerous cells from the blood stream. But due to the heterogeneity of
the tumor vessel leakiness, antibody distribution is not always uni-
form thereby decreasing the scan accuracy. The situation is further
aggravated due to the accumulation of ProstaScint at the inflamma-
tory sites of the prostate tissues that often coexists with the tumor
of prostate gland. All these disadvantages would be overcome by sup-
pressing inflammatory site uptake using 3-D hybridization methods.
The 3-D technology is a useful addition tool for oncologists who
would have to otherwise undertake special training to interpret cum-
bersome 2-D SPECT images.®?
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A typical ***In-capromab scan using planar or SPECT technique

takes up to 3 or 5 days postinjection because of slow uptake of the
antibody by the diseased tissues. Moreover, considerable bone mar-
row uptake of 'In-capromab conjugate will play a crucial role in
the resolution of the scan because of the presence of bony structures
in the pelvic region and location of the prostate gland. Additionally,
the longer imaging time required during **In-capromab scan allows
the gut excreted portion of the antibody to accumulate in the intestine
and colon tissues. This warrants the use of laxatives by patients to
avoid considerable background distraction in signals prior to imaging.
Therefore, a new radioimmunoconjugate, 99MT¢-7E11-C5.3, also called
as CYT-351, was prepared and demonstrated to show considerable
advantages over ProstaScint scan. The merits are due to attractive
features of *™c radioisotope that are short half-life (t1/2 = 6.02 hours),
low radiation dose, affordable cost, minimal bone marrow uptake,
and short scan session thereby avoiding the usage of laxatives.6®¢*
CYT-351 is derived from bis (thiosemicarbazone) technetium
chelating ligand, CYT-395, having a free hydrazide side chain available
for conjugation with mAb (7E11-C5.3) sugar moiety. Radio-
immunoscintigraphy scan using CYT-351 conjugate in prostate
patients proved to be a sensitive and specific method for staging local-
ized tumor, extraprostatic spread, lymphatic, and nodal metastasis.®®
It is pertinent to weigh the potential benefits of ProstaScint against
the adverse effects it causes in the biological systems before glorifying
its usage as an affordable diagnostic tool for PCa detection. The most
common side effects of this antibody agent are hypotensions and
hypertensions, elevation in bilirubin levels and liver enzymes following
its administration. Since the mAb is derived from the mouse, it is con-
sidered as a foreign body protein, and patients may produce human
anti-mouse antibody (HAMA) reaction. Also, its intracellular binding
site raises a doubt about its binding to viable PCa cells. Further, met-
astatic bone marrow disease is elusive to ProstaScint scans in most of
the cases resulting in false negatives due to the absence of any
necrotic or dead cells in bones.*? In order to overcome the problems
associated with ProstaScint, another anti-PSMA mAb, J591, that binds
with high (1 nM) affinity to the extracellular domain of PSMA was
developed and studied clinically.®® Unlike the human immunoreactive
7E11-C5.3 antibody, the murine antibody J591 was immunosup-
pressed by genetic engineering of human immunoglobulin G1 (IgG1)
protein. This modification of mAb retains specific affinity to PSMA
and at the same time renders it as a “nonforeign” to human immune
cells.®” Further, J591 undergoes PSMA mediated internalization once
it binds to the viable PCa cells.®® These properties allowed
radiolabeled J591 antibody to enter two phase | clinical trials in

6970 and solid

patients with advanced hormone refractory cancer
tumors’? with acceptable toxicity.

PSMA is also expressed in the neovasculature of most of the solid
tumors and several other adenocarcinoma's such as lung, colon, breast,
renal, transitional cells, and pancreas. Fortunately, PSMA's absence in
the vasculature of normal tissues created an opportunity to image
malignant blood vessels. In this context, radiolabeled-immuno conju-
gate 11In-DOTA-hu J591 was evaluated in phase | clinical trial and

shown to be a useful neovascular imaging agent for patients with
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nonprostate solid tumors.”?> This opened-up a new alternative
approach in imaging PCa and recently, another mAb, 3/A12 mAb, pro-
duced by hybridization of SP2-0 myeloma cells and spleen cells from a
BALB/c mouse was demonstrated to show high binding affinity (2 nM)
to the extracellular domain of PSMA in LNCap cells.”® The antibody,
3/A12 mAb, was radiolabeled with PET nuclide ¢*Cu (t1,» = 12.7 hours)
through a conjugating moiety, DOTA, without compromising the bind-
ing affinity to PSMA. Further, using small animal PET imaging tech-
nique, ®*Cu-DOTA-3/A12 mAb was assessed for in vivo uptake in
severe combined immunodeficiency (SCID) mouse bearing PSMA pos-
itive C4-2 tumor xenografts. Favorably, biodistribution studies show
maximum uptake of 35% ID/g of tissue at 48 hours postinjection,
but higher uptake of 16% ID/g in blood limited its entry to clinic in
an unmodified form.”*

Other than the PSMA biomarkers, prostate tumors also express
high levels of specific tumor-associated carbohydrate antigens
(TACAESs), which can also be of valuable tools for in vivo detection of
PCa. In this direction, an mAb Hé-11 labeled with 12°| was evaluated
using a commercial array of human PCa and normal tissue samples
(n = 49) in which H6-11 detected 95% of the prostate adenocarci-
nomas. These adenocarcinomas overexpress a glycoprotein called f3-
N-acetylglucosaminidase (OGIcNAc) that can be recognized by Hé6-
11 antibody through antibody-antigen reaction. Later, in vivo imaging
studies were carried out in PC-3 tumor-bearing mice using NIR fluo-
rescent dye-labeled H6-11 and ®%Zr-labeled Hé6-11 antibody in
micro-PET modality. During these in vivo studies, the labeled probes
accumulated in considerable amount in the liver. However, the liver
showed significant clearance after 120 hours postinjection with the
clear evidence of retention in tumors. These studies suggest that the
mAb Hé6-11 conjugated agents are potential tools to detect PCa
in vitro and in vivo.”®

Before making any decision on the selection of antibodies
employed for diagnosis of PCa, it is equally important to understand
the resolution of radionuclide imaging techniques such as SPECT and
PET to acquire precise and sharp images of the diseased tissues. The
resolution of each radionuclear technique depends both on the affinity
of the homing moiety (antibody) to the receptor as well as on the
energy and mode of generation of the decay photons from the respec-
tive radioisotopes by a nuclear event.

In the case of SPECT, a y-ray is emitted from the decaying radio-
isotope accumulated within the targeted tissues, whereas in the case
of PET, two annihilation photons are generated when a positron emit-
ted by the decaying PET radioisotope collides with an atomic electron
in the annihilation event. PET has superior spatial resolution because
of the emission of two collinear photons during each annihilation
event, whereas in SPECT, only single y-ray photon is generated for

t.”¢ Thus, greater affinity of the anti-

each nuclear de-excitation even
body to the receptor as well as collimated photons produced during
PET process results in acquiring higher resolution images compared
with SPECT.

The section above describes in detail the binding affinity, targeted
epitope of PSMA by the different mAb, and the type of radionuclear

techniques used for detection of PCa. From the above discussion, it

is observed that 7E11-C5.3 antibody (CYT-351), chelated to SPECT
radioisotope such as “*™Tc, for detection of PCa is unreliable as it
binds only to the necrotic cells or intracellular domain of the PSMA
protein. Moreover, several modifications of CYT-351 were also found
to be not very promising. But the J591 antibody version binds to the
PSMA's extracellular domain with high affinity of 1 nM concentration.
Its internalization on binding to the PCa cells and nonsusceptibility to
attack by the immune system are some of the excellent properties,
which makes it a more favorable antibody for detection of PCa. Even
though 3/A12 antibody (2 nM) also showed comparable binding with
PSMA expressed on LNCaP cells, making it a viable candidate for
%4Cu PET imaging, but its high accumulation in blood during the scan
limits its applications for clinical success. Also, mAb, H6-11, has 60
times lower affinity (61.7 nM) when compared with J591 antibody.
Moreover, the NIR and radioisotope-labeled versions of H6-11
showed high retention in liver for several days, rendering it as a less
suitable diagnostic tool for in vivo tumor detection.

In conclusion, among all the monoclonal antibodies, J591, has
shown the most promising results in terms of high binding affinity, less
background interference and reliability to detect live PCa cells both
in vitro as well as in vivo, justifying its success in the clinical trials.

Radiolabeled engineered monoclonal antibodies
Although radiolabeled mAb's are promising for PSMA-targeted imag-
ing and therapy, there have been limited successes because of their
long circulation half-life, poor tumor penetration ability,”” high cost
of production, and sophisticated handling techniques.”®”? Partially,
these drawbacks were addressed by using engineered mAb fragments
of J591 for the detection and staging of PSMA positive prostate
tumors by PET technique where it has been shown that 8 Zr-Minibody
and 8%Zr-Cys-Diabody undergo rapid background clearance, essen-
tially establishing these scFv-based antibody fragments as faster alter-
natives to the whole mAb.&°

Because of the limitations associated with PSMA-targeted mAb
imaging agents, variety of low molecular weight PSMA inhibitors have
been designed, synthesized, radiolabeled, and used to image human
PCa xenografts derived from LNCaP and PC-3 cell lines in mouse
models. Deep penetration of small molecule ligands into tumor tissues
including solid tumors improves signal to noise ratio. In addition, small
better

biodistribution and rapid clearance—compared with high molecular

molecule ligands have pharmacokinetic  profile—rapid
weight antibodies making even smaller lesions easily visible. Lastly,
small molecule ligands are labeled with various radionuclides such as
17|y, 125), 1241 128) 111y, 99mTc 68Ga 18F and 11C in ease compared

with mAb without considerable degradation.®*

3.1.2 | Small molecule ligands for targeting PSMA

Phosphorus-derived ligands

An inhibitor of PSMA or NAALADase activity with an affinity of 9 nM
called glycosylphosphatidylinositol (GPI) molecule was identified long
ago as a potential candidate for small molecule imaging ligand. How-

ever, endogenous ligands such as phosphate ions present in the serum
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compete with monomeric GPI ligand limiting its use for in vivo diag-
nostic applications of PCa. Therefore, to out-compete endogenous
competitors, three molecules of GPl were attached to a rigid
adamantane framework with free amino functionality to link techne-
tium chelating moiety, MAS; (S-acetylmercaptoacetyltriserine). Using
solid-phase ?°™Tc preloading strategy, °*™Tc was attached to this che-
lation moiety separately and further transformed to an activated N-
hydroxysuccinmide ester (NHS), "™ c-MAS3-NHS. The NHS ester
intermediate was then conjugated to adamantine-trimerized GPI with
free amino group to provide *™c-MAS;-GPl5 nuclear imaging agent.
This technetium conjugate was demonstrated to have a high affinity of
3 nM concentration for PSMA positive LNCaP cells during in vitro
study rendering it as a valuable diagnostic agent for clinical use.®?

Urea hetero/monodimer ligands
a. Lys-NHCONH-Glu ligand with tridentate chelating moiety

After the preliminary use of phosphorus-derived molecule (GPI),
urea-based PSMA inhibitor (Lys-NHCONH-GlIu) with variable linker
length was described.®® In this study, a series of urea-based inhibitors,
containing tridentate moiety for chelating *”™Tc, with high to moder-
ate affinity for PSMA positive PC3 PIP tumors have been demon-
strated using SPECT-CT imaging technique. One of the compounds
with an aminooctanoic acid spacer between the urea-lysine ligand
and chelation moiety showed best results in terms of selective tumor
uptake (7.9% ID/g tissue) at 30 minutes postinjection, high target to
nontarget ratio (44:1) at 2 hours postinjection, and rapid clearance
from normal tissues, making it as a potential clinical candidate to study
PCa patients.

b. Glu-NHCONH-GIlu or DUPA ligands with chelating moiety

Computational molecular docking study to find optimal targeting
ligand for PSMA using high-resolution crystal structure of the
ectodomain of NAALADase in complex with one of its high affinity
inhibitors (GPI-18431) led to the discovery of another urea-based
PSMA called DUPA
pentanedioic acid).2*®> DUPA is a symmetrical urea monodimer

ligands (2-[3-(1,3-dicarboxypropyl)ureido]

derived from L-glutamic amino acid. Theoretical calculations to fit

the DUPA ligand into the crystal structure of PSMA enzyme revealed

the requirement of electrostatic interactions of three of the carboxylic

HOOC
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HOOC H

DUP

H COOH

O

~COOH
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acids of DUPA with arginine and lysine amino acid residues of the

peptide chain. Additionally, the oxygen atom of the urea functionality
must directly coordinate with the zinc atoms present in the active site
of the enzyme. The fourth free y-carboxylic acid group will provide a
handle for conjugation of chelating moiety via different peptidic
spacers of varying length. Among the various conjugates examined
to have better affinity for PSMA, optimal binding was found with a
targeted conjugate containing two phenyl alanine residues between
DUPA and chelating moiety. This °™Tc-DUPA-conjugate is now being
tested at the Indiana University Medical School, USA, rendering it as
the first 7™ c-chelated small molecule nuclear imaging agent to enter
clinical trial (Figure 3).

A preliminary investigation of *™Tc-DUPA-conjugate in LNCaP-
derived xenograft implanted on athymic nude mouse displayed
12.4% ID/g tumor uptake at 4 hours postinjection compared with only
7.9% ID/g tumor at 30 minutes postinjection reported for Lys-
NHCONH-Glu-based PSMA inhibitors.®% This difference in tumor
79™rc-DUPA Lys-NHCONH-Glu-based

radiolabeled conjugates might be attributed to the nature of spacers

uptake between and
and their interaction with the binding pockets of PSMA in different
manner. The higher uptake of ?’™Tc-DUPA-conjugate in tumor
increases the signal to noise ratio and tumor retention time thereby
providing greater contrast between cancer and nontargeted tissues.

c. Lys-NHCONH-GIlu moieties-DOTA,

HBED-CC

ligand with chelating

Urea-based ligand, Lys-NHCONH-GIu, was also conjugated to a
chelating agent, DOTA, through different spacers®® to chelate
radiometal ®Ga (Figure 4) and employed for the identification of
PSMA* tumors using small animal PET studies. During this study, it
was demonstrated that ®Ga-radiolabeled PSMA conjugates show
high PCa tumor specificity (Figure 5) and found to be a favorable alter-
native to the traditional *®F-radiolabeled cancer imaging agents since
the former does not require an in-house cyclotron facility.

Following this first report, PSMA inhibitor Lys-NHCONH-GIlu was
also conjugated to another radiogallium chelator, HBED-CC, and
in vivo studies were compared with the corresponding DOTA chela-
tor. Compared with the DOTA conjugate, the “®Ga-radiolabeled
HBED-CC chelator has reduced nonspecific uptake and showed fast

plasma and organ clearances with low liver accumulation and high

None

NH-Glu-Phe-CO
NH-(CH,)g-Phe-Phe-CO
NH-(CH,)g-Phe-Glu-CO
NH-Phe-Glu-Ala-Phe-Phe-CO
NH-(PEG)g-Phe-CO

NG AW
XXX XXX

FIGURE 3 Structures of *”™Tc-DUPA conjugated anti-PSMA radiotracers with various spacers, where X = peptide spacer and three letter code

indicates different amino acids. Reprinted (adapted) with permission from Kularatne et a

|84
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FIGURE 4 Urea-based PSMA conjugates [¢®Ga)3 and [®Ga]6 for small animal PET/CT applications. Reprinted (adapted) with permission from

Banerjee et al®®

45 min

120 min Min

FIGURE 5 GE eXplore VISTA PET image (coregistered with the corresponding CT image) of a PSMA™ PIP and PSMA™ flu tumor-bearing mouse
injected intravenously with 0.2 mCi (7.4 MBq) [*®Ga] Lys-NHCONH-Glu-based PSMA PET agent. Reproduced with permission from Banerjee et al®®

specific uptake in PSMA expressing tumor.®” This conjugate was
shown to detect PCa relapses and metastasis with significantly
improved contrast compared with traditional [*®F]FECH®® and [*®F]
FMCH PET/CT images® taken in several patients (Figure 6). Further,
a biodistribution study of “®Ga-radiolabeled HBED-CC conjugate in
patients to detect PCa relapses and metastasis’® showed better tumor
to tissue ratio in addition to less understood high uptake in salivary
glands and moderate accumulation in lacrimal glands, liver, spleen,

and bowel tissues (Figure 7). Using the same PSMA inhibitor with a

different spacer to improve pharmacokinetics, a first preclinical study
and proof of concept in humans’! was demonstrated later. The radio-
pharmaceutical was utilized for performing both imaging and therapy
in patients with metastatic and castration-resistant PCas (Figure 8).
This is the first PSMA-targeted theranostic agent called [¢®Ga/*””Lu]
PSMA-I&T probe. Later on, [*''In]PSMA-I&T was synthesized and
evaluated as a complementary probe to [®®Ga/Y””Lu]PSMA-I&T for
radioguided resection of PSMA positive lesions using SPECT/CT tech-

nique and found to show improved background resolution.”? Because
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FIGURE 6 PET/CT imaging for detecting tumour metastasis in vertebral column of a PCa patient. (A) Fusion of ¢8Ga-PSMA-PET and CT, red
arrow points to a vertebral metastasis visible only via ®Ga-PSMA PET/CT imaging as physiological high background makes vertebral
metastasis difficult to detect by *8F-fluoromethylcholine PET. (B) Maximum intensity projection (MIP) of ®®Ga-PSMA-PET. (C) Fusion of 8F-
fluoromethylcholine PET and CT, (D) MIP of 8F-fluoromethylcholine PET. Reproduced with permission from Afshar-Oromieh et al®’

each 7Lu radioisotope decays by emitting a beta particle and a
gamma ray, the probe is used for both therapeutic as well as imaging
applications by scintigraphy and SPECT techniques. For optimum
radioligand therapy (RLT), it is pertinent to calculate the absorbed dose
in each organs, which was meticulously found out recently by using
[Y77Lu]DKFZ-PSMA-617 probe during the treatment of metastatic
PCa.”® From the ongoing discussions, it is clear that ®Ga and *"7Lu
radioisotopes also contribute immensely for imaging and therapeutic
applications of PCa.

d. Lys-NHCONH-GIlu ligand containing arylradiohalogens

As an extension of initial investigation®® using urea-based PSMA
inhibitor, Lys-NHCONH-GIu, the authors have also reported three
new urea-based imaging agents by incorporation of radiohalogens
such as % and *®F for SPECT and PET studies, respectively.”*
The imaging agents are called 2-[3-[1-carboxy-5-(4-[***[Jiodo-

benzoylamino)-pentyl]-ureido]-pentanedioic  acid, 2-(3-[1-carboxy-

5-[(5-[*2°I]iodo-pyridine-3-carbonyl)-amino]-pentyl]-ureido)-pentane-
dioic acid, and 2-[3-[1-carboxy-5-(4-[*®F]fluoro-benzoylamino)pentyl]-
ureido]-pentanedioic acid. The 2°l-iodobenzoyl agent showed an
uptake of 8.8% ID/gin PSMA* PC-3 PIP tumor at 30 minutes postinjec-
tion similar to '2°I-iodo-pyridine (PSMA* LNCaP tumor uptake) and
18F_fluoro-benzoyl compounds at early time points. The images were
recorded on SCID mice bearing tumors using a combination of
SPECT/CT and PET/CT modalities. All these compounds demonstrate
high target to nontarget tissue ratio making all of them for eventual
clinical use.

Using Lys-NHCONH-GIu as a targeting moiety of PSMA, a series
of halogen (F, Cl, Br, and |) substituted benzylamino and phenylamido
nonradioactive analogs were evaluated in vitro in LNCaP cells. It was
demonstrated that the nature and position of the halogen atoms in
the aryl ring significantly affect the interactions of the probe with
the binding pockets of PSMA. Overall, para-substituted iodine analogs
were found to show best binding affinity to PSMA enzyme in

nanomolar concentrations.”®> From the iodinated series two lead
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(A2)

(B2)

FIGURE 7 ®Ga-Radiolabeled HBED-CC conjugate PET/CT imaging of lymph node and bone metastasis of prostate cancer in a patient. (A1) CT
scan of a patient demonstrating disseminated lymph node and bone metastases of prostate cancer. (A2) ®®Ga-PSMA PET scan showing lymph
node and bone metastases. (B1) Combined/merged image of °®Ga-PSMA PET and CT scan of patient representative showing bone and lymph
node metastases. (B2) Maximum intensity projection of image showing lymph node and bone metastases. Reproduced with permission from

Afshar-Oromieh et al”®

(A)

%Ga-PSMA-HBED-CC PET/CT %Ga-PSMA-HBED-CC PET/CT
Baseline scan 3 months after ""’Lu-PSMA I&T therapy

FIGURE 8 PET/CT in a PCa patient. A, Baseline PET/CT 65 min after intravenous administration of 176 MBq of ¢®Ga-PSMA-HBED-CC.
B, Follow-up scan with 180 MBq of *®Ga-PSMA-HBED-CC (60 min after injection) performed 3 mo after ””Lu-PSMA-I&T therapy (8.0 GBq).

Reproduced with permission from Weineisen et al’*
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compounds, MIP-1072 [(S)-2-(3-((S)-1-carboxy-5-(4-iodobenzylamino)
and MIP-1095 [S)-2-(3-((S)-1-
carboxy-5-(3-(4-iodophenyl)ureido)pentyl)ureido)pentanedioic  acid]

pentyl)ureido)pentanedioic  acid]

were selected and radiolabeled with 23| radioisotope.”® Both [*23I]
MIP-1072 and [2%I]MIP-1095 agents exhibit high affinity (3.8 and
0.81 nM) for PSMA on LNCaP cells during in vitro studies. Because
of their high binding affinity to PSMA, [*2%]]MIP-1072 and [*23(]MIP-
1095 were taken further for in vivo imaging using SPECT/CT tech-
nigues on mouse bearing human LNCaP xenograft. Biodistribution
studies on mouse showed high uptake of 17% ID/g tumor at 1 hour
postinjection and 34% ID/g at 4 hours postinjection for [*23[]MIP-
1072 and [*2%]MIP-1095 compounds, respectively, rendering them
as potential clinical candidates for translation. Indeed, a phase | human
clinical trial®” has been already completed for these compounds in
patients with metastatic PCa (Figure 9).

e. Glu-NHCONH-Cys/Tyr/Lys ligands containing radiocarbon or

radioarylhalogens

Three radiolabeled urea derivatives (a) [**CIDCMC, (K; = 3.1 nM,
N-[N-[(S)-1,3-dicarboxypropyl]carbamoyl]-S-[**C]methyl-L-cysteine),
(b) [*2°I]DCIT, (K; = 1.5 nM, N-[N-[(S)-1,3-dicarboxypropyl]carbamoyl]-
5-3-[12%[)iodo-L-tyrosine), and (c) [*®F]DCFBC, (K; = 13.9 nM, N-[N-
[(S)-1,3-dicarboxypropyl]carbamoyl]-4-[8F]fluorobenzyl-L-cysteine)
were recently synthesized and evaluated for affinity to PSMA in SCID
mouse bearing xenograft.”®1%° While [*'C]DCMC and [*®F]DCFBC
imaging agents uptake in tumor-bearing mouse was characterized

WILEY- Cancer Reports —-11/2

using small animal PET technique, [*2°I]DCIT was evaluated using

SPECT and gamma scintigraphic techniques. During these studies,
[*1C]IDCMC and [*2°1]DCIT tracers showed an uptake of 8.7% ID/g
tumor and 5.1% ID/g tumor, respectively, at 30 minutes postinjection,
whereas the PSMA* PC-3 PIP tumor uptake for [*®F]DCFBC was
found to be 6.2% ID/g. [*®F]DCFBC is considerably stable, and no sig-
nificant defluorination was observed as evidenced by the minimal
bone uptake. However, these radiopharmaceuticals show the highest
uptake in the murine kidneys, but the fast renal clearance 2 hours
postinjection relative to the targeted tissues makes them highly desir-
able for human clinical trials. In fact, a first-in-human clinical trial of the
agent, [*®F]IDCFBC, for the detection of metastatic PCa (Figure 10)
and dose estimation study at various organs in comparison to a con-
ventional radiopharmaceutical agent, ‘®FDG, has been recently pub-
lished.1°* Further, a second generation [*®F]-DCFPyL PSMA PET
agent (Figure 11) was examined in preclinical studies on a murine
model*°? followed by human clinical versions (Figure 12) to validate
its selective accumulation in primary and metastatic PCa tissues.?®®
During these studies, it was observed that [*®F]DCFPyL PET/CT agent
was shown to detect more suspicious lesions in metastatic PCa
patients than the conventional radioimaging techniques. The improved
sensitivity of [*®F]DCFPyL agent is due to the fact that the urea
derivative has a terminal glutamate moiety in the P1' binding pocket
of the PSMA protein enabling better affinity to the biomarker. In addi-
tion, the sensitivity of the PET scan has improved a lot to detect
lesions in patients with metastatic clear cell renal cell carcinoma
(ccRCC).204

MDP Bone Scan

123 MIP-1072

123 _MIP-1095

FIGURE 9 Representative anterior A, and posterior (P) whole-body planar images of patient with radiographically confirmed metastatic prostate
cancer who received 740 MBq (20 mCi) of **™Tc-methylene diphosphonate (MDP) (left), followed by 123I-MIP-1072 (middle) and 1231-MIP-1095
(right) administered at 370 MBq (10 mCi). Depicted are images acquired at 4 h after injection. Arrows indicate detection of confirmed lesions in bone
(Bn) of lumbar spine and uptake in suggestive 7-mm lymph node (LN). Image reference standard was placed next to right leg. Subject had previous hip
replacement as demonstrated by uptake in head of right femur (F) only on bone scan. Reproduced with permission from Barrett et al’”
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(A)

FIGURE 10 Focal *®F-DCFBC PET uptake in L4 vertebral body on PET and fused PET/CT (thick arrows, A) with no correlative abnormality on CT

(thin arrow, A) or bone scan (arrow, B). Reproduced with permission from original publication by Cho et a
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FIGURE 11 Chemical structure of [*®F]DCFPyL PET imaging agent.
Reproduced with permission from Chen et al.%?

In 2018, *8F-PET imaging was combined with a fluorescent agent,
trimethine cyanine dye, to produce color contrast for image-guided
PCa management.1®> The *F radioisotope in the imaging agent pro-
vides for noninvasive nuclear imaging of PSMA expressing cancers in
the prostate and lymph nodes, while the fluorescent dye allows for
fluorescent guided surgery even after the decay of *®F radioisotope.
During surgery, this technology has a huge potential to improve sur-
geon's ability to better preserve nerve tissues, completely resect can-
cer, and detect lymph node micrometastases to extend
lymphadenectomy or protect men from lymph node dissection.

(S)-2-[3-[(R)-1-Carboxy-2-mercaptoethyl]ureido-pentanedioic acid
(Cys-NH-CO-NH-GIlu) was also used to design novel PSMA targeting

probes by nucleophilic conjugate addition between cysteine and

IlOl

maleimide-based radiohalogen fragment. By this strategy, [*2°I] IGLCE
was synthesized and shown to exhibit high affinity and specificity to
PSMA positive tumors. The increase in binding affinity was attributed
to the presence of an aromatic group in the radiopharmaceutical agent

and a succinimide moiety to tether to the targeting moiety.*%®

f. Lys-NHCONH-Glu ligand labeled with *Cu radionuclide using

macrocylic chelators

Very recently ®*Cu-labeled inhibitors*®” of PSMA based on lysine-
glutamate urea scaffold with a variety of macrocyclic chelators, such
as NOTA, PCTA, Oxo-DO3A, CB-TE2A, and DOTA, were investigated
for in vivo PET imaging applications in SCID mouse harboring prostate
tumor xenograft (Figure 13). During this study, it was shown that
44Cu-labeled NOTA- and CB-TE2A-conjugated radiotracers exhibited
favorable pharmacokinetics over the PCTA, oxo-DO3A, and DOTA
conjugates. However, the superior tumor-to-background ratios pro-
vided by the CB-TE2A chelated [¢*Cu] conjugate over NOTA-labeled
conjugate proved it to be the most promising conjugate among all
the other candidates tested in vivo. This could be due to higher
in vivo stability and renal clearance of [®*Cu] CB-TE2A conjugate

when compared with other chelating moieties (Figure 14).
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FIGURE 12 ['®F]-DCFPyL anti-PSMA maximum intensity projection (MIP) PET image sequence in a PCa patient
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FIGURE 13 Structures of ®*Cu-labeled inhibitors of PSMA with NOTA, PCTA, Oxo-DO3A, CB-TE2A, and DOTA chelators for in vivo PET

imaging applications. Reprinted (adapted) with permission from Banerjee et al*®”

. The patient demonstrated
radiotracer binding in a large number of metastatic lesions involving multiple bones and lymph nodes. Reproduced with permission from Szabo et al*®®
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FIGURE 14 Whole body PET-CT imaging of PC3 PIP and PC3 flu tumor-bearing mice with [¢*Cu]Lys-NHCONH-GIu inhibitor 6A as a building
block (top row) and [¢*Cu]Lys-NHCONH-GIu inhibitor 6B (bottom row) at 20 min, 2.5 h, 12 h, and 22 h postinjection. Abdominal radioactivity is

primarily due to uptake within kidneys and bladder. PIP = PC3 PSMA+ PIP (solid arrow); flu = PC3 PSMA- flu (unfilled arrow); K = kidney; L = left;
R = right, B = bladder. All images are decay-corrected and adjusted to the same maximum value. Reproduced with permission from Banerjee et al*”

Phosphoramidate-derived ligands

Even though several urea ligands were reported for PSMA targeting,
the literature is not replete with small molecules derived from phos-
phate ligand, which is a strong irreversible endogenous ligand for
PSMA inhibition. One such class is a library of tetrahedral
phosphoramidates that show pseudo-irreversible affinity for PSMA
enzyme. The central core of the phosphate moiety is attached to glu-
tamate residue and glutamate-serine  dipeptide to give
phosphoramidate-dipeptide ligand that show high binding affinity for
inhibiting PSMA activity (ICso = 14 nM). The free amino group of
attached dipeptide is available for introducing radiolabeled tracer
by conjugation chemistry. Following this concept, a !F-
fluorobenzamido-phosphoramidate (ICso = 0.68 nM) small molecule
PSMA imaging agent was synthesized and evaluated for detection of
prostate tumors.2%® Initial in vivo assessment of ‘F-phoshoramidate
conjugate using PET in NCr nude mouse bearing LNCaP tumor show
rapid localization of the tracer in the tumor with no uptake in the
bones. Further, minimal uptake in the kidney and liver was observed
when compared with urea-based imaging agents. Unfortunately,

biodistribution study showed poor tumor uptake of only 1.24% ID/g

at 2 hours postinjection necessitating the need for further structural
modifications of this class of compounds.

Besides the abovementioned radiolabeled tracers, several new
phosphate-based PSMA inhibitors such as phenalkyl,2°?*1° steroidal
phosphoramidate derivatives of glutamic acid,*** and enantiomerically

112 were also designed,

pure phenalkyl phosphonic acid derivatives
based on molecular docking studies, chemically synthesized and dem-
onstrated to have high affinity for PSMA enzyme. The radiolabeled
analogs of such derivatives are yet to be realized for in vitro and
in vivo imaging applications.

Therefore, it will not be an exaggeration to say that radiolabeled
small molecules will have an edge over monoclonal antibodies by the
next decade for detection, staging, and diagnosis of PCa due to their
high rate of success in clinical trials. An ideal nuclear imaging agent
should possess high tumor uptake, fast clearance from nonmalignant
tissues, improved tumor penetration, functionality amenable for radio-
chemical synthesis, high radiochemical purity, long shelf life, and sim-
ple and short purification methods at the diagnostic center. Some of
the small molecule ligands fulfill most of the above criteria and hence

have found their entry into clinical trials. The functional imaging tools
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such as SPECT and PET employed to image cancer patients are mini-
mally invasive and provides accurate localization of tumor when used
in conjunction with CT or MRI. However, the production of SPECT
(°’™c) and PET radioisotopes (¢®Ga, *8F, and **C) may require either
closely situated radionuclide generator or in-house cyclotron facilities
as the radioisotopes decay rapidly due to short half-lives before being
transported to far away medical diagnostic centers. For routine scans,
these techniques may look quite expensive and unaffordable, but
when calculated in terms of diagnostic value and quality of patient life,
the merits of small molecule imaging agents outweigh the large cost

factor involved in their preparation.

3.2 | Optical imaging agents

Despite their immense potential as diagnostic agents for cancer, one
of the most common health concerns associated with the use of
radionuclear cancer imaging agent is the exposure of patients to ioniz-
ing radiation while undergoing diagnosis for the detection of patholog-
ical diseased conditions. Even if shorter half-life radioisotopes are
used for imaging patients, a residual exposure to high-energy gamma
radiation or nuclear particles is unavoidable and may be led to undesir-
able side effects. Further, these nuclear imaging agents can only
detect the site of disease but fail to marginalize its exact boundary.
This is crucial in cancer disease treatment because most often minute
metastatic lesions are missed during curative surgery and results in the
recurrent disease in the later part of life.

3.2.1 | Intraoperative guided surgery for PCa

Cancer surgeries in general are performed without any intraoperative
guidance leading to incomplete removal of tumors. There might be
several nonguided techniques, which direct and improve current sur-
gical procedures. However, other than intraoperative guided surgery,
no method helps in complete resection of the tumor from the body.
Nonguided techniques like the tactile approach provides suboptimal
visualization during operation, which limits the surgeon's ability to
accurately position surgical instruments during the procedure and
heavily compromises the surgeon's ability to determine surgical end-
points. Till now, no method has been developed to visualize tumor
lesions and tissues to an extent defined by intraoperative guided sur-
gery. Therefore, more sensitive nonradiation imaging methods than
the functional methods such as SPECT, PET, CT, and MRI are
required for onsite guidance of surgery.

3.2.2 | Fluorescent dyes for optical imaging of cancer

Fluorescein dyes have been used since 1948 for intraoperative image
guidance and resection of brain tumors. This technology called intra-
operative photodiagnosis (PDD) has been recently revived with the
advancement of optics and fluorescent dye chemistry.'*®> More
recently longer wavelength dyes or near-infrared (NIR) dyes (700-
900 nm) have been utilized for in vivo imaging?** and specifically for

intraoperative image-guided PCa surgery.*> Most of the living tissues
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show low auto fluorescence in the NIR region, and therefore, applica-

tion of PSMA-targeted NIR dyes to image PCa patients may become
an important tool in the arsenal of imaging agents.

Phosphorous-based fluorescent-labeled ligands for imaging PCa
PSMA-targeted small molecule NIR fluorescent dye was first
described'® by conjugation of monomeric GPI ligand to a highly
water soluble NIR dye, IRDye78. The conjugate, designated as GPI-
78, showed high affinity (9 nM) in vitro in LNCaP cells. Also, for
any NIR fluorescent dye to qualify as an intraoperative imaging
agent, it should have rapid biodistribution within the tumor and fast
clearance rate from nontargeted tissues. Unfortunately, in vivo exam-
ination of mouse model bearing LNCaP tumor xenograft showed that
GPI-78 NIR conjugate had a total tumor uptake of only 0.06% ID/g
4 hours postinjection. The minimal uptake in the tumor combined
with fast renal clearance rate led to the poor performance of GPI-
78 molecule during in vivo imaging studies. The reasons for failure
were attributed to the small size of GPI-78 and competitive inhibition
by other endogenous phosphate ligands present in the blood serum.
A possible solution to circumvent these drawbacks would be to
increase the size of fluorescent probe along with attachment of mul-
tiple GPI ligands to a central template as described earlier.®2 Indeed,
several trimerized GPI conjugates of IRBOOCW dye were later syn-

thesized'”

and found to exhibit sub nanomolar binding affinity to
PCa cells thereby rendering them as a possible candidate for
in vivo imaging. A phosphoramidate peptidomimetic inhibitor of
PSMA conjugated to fluorescein dye has been described to show
PSMA-binding specificity and intracellular localization in vitro in

LNCaP cells.18

Urea-based fluorescent-labeled ligands for optical imaging of
PCa

Following the use of phosphate ligand (GPI) conjugation with NIR
dyes, next in line to be explored for anti-PSMA activity were urea-
based PSMA ligands. Recently, using Lys-NHCONH-Glu as a targeting
ligand for PSMA protein, a new anti-PSMA NIR conjugate (YC-27) was
synthesized with IRBOOCW dye and evaluated for in vitro and in vivo
imaging studies.'? YC-27 conjugate was demonstrated to exhibit high
binding affinity (Kq = 0.37 nM) during in vivo imaging on SCID mouse
bearing PSMA* PC3-PIP tumor (Figure 15). This preliminary investiga-
tion resulted in the development of real-time NIR laparoscopic imag-
ing, using YC-27 NIR conjugate, to detect and surgically remove
PSMA positive xenografts in murine and porcine models to reduce
positive surgical margins (PSM).22° The study has stimulated a surge
of interest to develop new small molecule NIR imaging agents for
intraoperative guided PCa surgery.

PSMA-targeted urea-based DUPA-rhodamine and DUPA-
fluorescein conjugates were also developed and shown to exhibit high
binding affinity in LNCaP cells using flow cytometry studies.®> Even
though presence of tumor cells were discovered in the blood stream
of advanced cancer patients a century ago, but only recently new
methods become available to detect these cells in the patients with

cancer. The presence of circulating tumor cells (CTCs) in the peripheral
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FIGURE 15 Shows the in vivo imaging of an immunocompromised mouse bearing PC3-PIP (forward left flank) and PC3-flu (forward right flank)
tumors using NIR conjugate (YC-27) synthesized with IRBOOCW dye. Dosage injected was 1 nmol and dorsal and ventral views of the preinjection
image (A,B, respectively) are shown; 10 min PI (C,D); 20.5 h (E,F); and 24 h (G,H). Images (I) and (J) show after midline laparotomy and individually

harvested organs on a Petri dish at 24 h PI, respectively. Reproduced with permission from Chen et a

blood of patients with metastatic cancer has been found to be of prog-
nostic significance, and changes in CTC numbers over time reflect the
outcome of any cancer therapy. Interestingly, DUPA-fluorescein con-
jugate has been shown to bind and label such circulating tumor cells
in fresh peripheral blood samples from the PCa patients. Therefore,
DUPA-fluorescent conjugates could be used to assess tumor burden
or recurrent disease in PCa patients.’?? Complete surgical resection
of malignant disease by fluorescence-guided surgery upon intravenous
injection of DUPA ligand conjugated anti-PSMA NIR fluorescent
agents'?? such as DUPA-Alexafluor 647 or DyLight 680 on tumor-
bearing mouse with metastatic PCa has successfully laid the founda-
tion for future fluorescence-guided surgery in a clinical scenario in

humans (Figure 16).

|119

3.3 | Miscellaneous PSMA imaging methods
3.3.1 | Functionalized nanoparticles for imaging of
PCa

PSMA-specific small molecule ligands can also be attached to nano-
particles for selective and enhanced delivery of a high payload of ther-
apeutic drugs to PCa cells. Nanoparticles are known to passively
accumulate within the tumor interstitium due to enhanced permeabil-
ity and retention effect (EPR). When the nanoparticles are decorated
with PSMA-specific ligands, the accumulation effect becomes both
specific and longer leading to considerable therapeutic effect. This

principle has been demonstrated recently for both diagnosis and
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FIGURE 16 Fluorescent images of mice with metastatic disease 4 h
following intravenous injection of DUPA-NIR probes. Fluorescent and
white light image overlays of intact (C,D) and surgically opened (c,d)
tumor-bearing mice. Mice (athymic nu/nu strain) with PSMA-
expressing 22RV1 tumors were injected intravenously with 10 nmol of
either DUPA-Dylight 680 (C/c) or DUPA-Alexafluor 647 (D/d) and
imaged 4 h postinjection. Reprinted (adapted) with permission from
Kelderhouse et al*??

therapy of PCa cells using fluorescently labeled ligands and drug-

loaded nanoparticles.*?*

3.3.2 | Peptides and oligonucelotides or aptamers for
targeting PCa

Small peptides that bind selectively to PSMA cells can also be used to
deliver cytotoxic drugs, protein toxins, and viruses selectively to target
sites while minimizing systemic toxicity to healthy tissues. Compared
with antibody-based imaging agents, small size peptides are cost-
effective, nonimmunogenic and can be coupled with ease to imaging
or cytotoxic agents. For example, from a library of linear 12 amino acid
peptides, a peptide sequence, WQPDTAHHWATL, was identified to
selectively bind PSMA* cells.

Unlike other PSMA-binding moieties, a dimeric version of this pep-
tide has been shown to inhibit PSMA enzyme activity in micromolar
concentration (ICso = 2.2 uM).124126 Moreover, peptides and their
derivatives are highly susceptible to proteolytic cleavage by endoge-
nous enzymes like peptidases present in the serum. Therefore, other
alternatives with better serum stability such as oligonucleotides are
preferred that could selectively bind to a given target. These oligonu-

cleotides, called “aptamers,” are emerging as a new class of targeting
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ligands when compared with established antibodies and small mole-

cule ligands.

Belonging to such a family of ligands, recently two oligonucleotides
(xPSM-A9 and xPSM-A10)*?” that bind selectively to the extracellular
domain of PSMA have been identified and characterized for detection
of PCa. Aptamer, xPSM-A9 binds noncompetitively (K; = 2.1 nM)
whereas xPSM-A10 in a competitive mode (K; = 11.9 nM) to PSMA
protein. The different modes of binding of aptamer suggest that each
aptamer recognizes a unique extracellular epitope of PSMA. It was
also found that one of the truncated aptamers specifically binds to
LNCaP cells expressing PSMA but not to PSMA-devoid PC-3 cancer
cells. These are the first RNA aptamers reported to bind a prostate
tumor-associated membrane antigen, PSMA and can be modified to
deliver imaging and therapeutic agents directed against PCa cells.

Motivated by the desirable specific binding affinity of RNA
aptamers to PSMA, several investigations were conducted later by
employing aptamers conjugated to fluorescent nanocrystals and
metallic nanoparticles as imaging agents. In one of the studies, nucle-
ase stable biotinylated RNA aptamer A9 was conjugated to
streptavidin coated CdSe or CdTe nanocrystals and tested for
in vitro uptake in LNCaP cells using fluorescent microscopy.*?® Fluo-
rescent images obtained from live and fixed cells, and cells grown on
a collagen matrix, mimicking real tissues, showed PSMA receptor
mediated uptake of the aptamer conjugates. These initial studies were
found to be very promising and revealed the hidden potential applica-
tions of the aptamer-nanocrystal conjugates for in vivo imaging stud-
ies. However, prior knowledge of metal cytotoxicity and
biodistribution of conjugates may predispose failure of in vivo applica-
tions of aptamer-nanocrystal conjugates. To minimize the toxicity
associated with heavy metal nanocrystal imaging agents, oligonucleo-
tide coated gold nanoparticle-aptamer conjugates were an alternative.
This was demonstrated during one of the uptake studies of A9 RNA
aptamer-oligonucleotide gold nanoparticle conjugate in LNCap cell
line using reflectance imaging studies. The conjugation of the aptamer
to the oligonucleotide coated gold nanoparticles was achieved via a
complementary sequence extension present in the aptamer.129

Hybridization of semiconductor nanocrystals called quantum dots
(QDs) with aptamer (A10 RNA) and chemotherapeutic drug to pro-
duce QD-Aptamer-Drug conjugate (QD-Apt-Drug) has been demon-
strated for simultaneous in vitro PCa detection and therapeutic
applications. The aptamer performs dual role of carrying the chemo-
therapeutic drug and targeting the PSMA enzyme while QD acts as
fluorescent imaging vehicle carrier.**® Confocal microscopy study
has shown considerable uptake of QD-Apt-Drug conjugate in LNCaP
cells by PSMA mediated endocytosis. Based on the same principle, a
magnetic resonance contrast agent, superparamagnetic iron oxide
nanoparticle (SPION) in conjugation with aptamer-drug (SPION-Apt-
Drug) has been demonstrated in vitro to identify and treat PCa
cells.*® Ferumoxtran-10 (Combidex), a dextran-coated SPION is cur-
rently under phase Ill clinical trials for PCa imaging.*3?

Comparison of peptides and oligonucleotides or aptamers (Table 1)
will help the reader to decide on the selection of targeting moieties

derived from peptides or aptamers as per the requirements.
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TABLE 1 Advantages and disadvantages of targeting peptides and oligonucleotides or aptamers for PCa imaging

S. No.
1.

Property

Ease of synthesis and
manufacturing

Metabolic or serum
stability

Target specificity

Peptides

Peptide analogs are synthesized by established solid-
phase peptide synthesis (SPPS) methods, which
produces reproducible constructs with accurate
chemical structures. Production cost for bulk
manufacturing is considerably lower than for
monoclonal antibody and aptamers.*33

Targeting peptides are generally metabolically unstable
as they can be easily digested by proteases present in

the blood plasma and are prone to fast renal clearance.

They are also susceptible to endopeptidases and
exopeptidases present in the tissues. This sometimes
results in loss of bioactivity even before reaching the
intended target.

Peptides have high affinity and specificity to a target

protein as they are identified after extensive screening
135

Oligonucleotides or Aptamers

Easy, reliable, and automated methods for synthesis
of aptamers are available, which also easily facilitate
chemical modifications like attachment points to
tether enzymes. However, manufacturing costs are
high as the technology has not yet evolved to

generate large amounts within reasonable costs.*®*

Aptamers also have low metabolic stability and
circulation half-life (~2 min) due to susceptibility to
nuclease degradation.

Aptamers also show high target specificity as they are
identified by an in vitro selection process,

with a library by phage display technology.

4, Penetration and uptake in
tumor tissues
in tumors.

3.3.3 | QDs conjugated PCa optical imaging probes

QDs are also conjugated to intact mAb or engineered antibody frag-
ments for detection of PCa. The former case is illustrated by conjugat-
ing NIR QD probe, Qdot-800, to an extensively studied PSMA mAb
J591. NIR QD probes would show deep tissue tumors more clearly
due to minimal tissue autofluorescence in the NIR region. Therefore,
in vivo fluorescent images of mouse bearing C4-2 and C4-2B human
prostate tumors in bone using Qdot-800-J591 conjugate are found
to be far superior when compared with other optical imaging
agents.*>” However, monoclonal antibodies are large (100-150 kDa)
and eliminate slowly from serum creating considerable background
interferences. In such instances, engineered antibodies called
diabodies that retain binding specificity with the target antigen and
exhibit fast clearance from nontargeted tissues are preferred for

in vivo applications. This principle was recently exemplified*3®

using
a pegylated QD conjugate, cys-Diabody-CdSe/ZnS, for in vitro appli-

cations in LNCaP or prostate stem cell antigen (PSCA) cells.

4 | CONCLUSION

Prostate-specific membrane antigen (PSMA) is a transmembrane gly-
coprotein showing overexpression in PCa tissues. Currently, enormous
efforts are being made to develop homing moieties that exclusively
target PSMA with high specificity and affinity. This report extensively
describes and compares the various targeting moieties derived from
monoclonal antibodies, small molecule ligands, peptides, peptide
derivatives, and aptamers for bio-imaging of PCa cells. mAb imaging
agents such as “ProstaScint” was approved by the FDA for metastatic

noninvasive imaging of prostate tumor despite several known

Its small size in comparison with proteins (<50 amino
acids) enables good tissue penetration and uptake

systematic evolution of ligands by exponential
enrichment (SELEX), which can be monitored to
tailor affinities according to a protein target.

Shows good tumor penetration due to its small size
(3000-20 000 Da), but comparably less efficient
than small molecule targeting ligands.*3¢

disadvantages. Among all the targeting motifs, small molecule ligands
show enormous potential as homing moieties to deliver imaging
agents. Two major classes of small molecule ligands have been discov-
ered to be successful as targeted diagnostic agents for detection of
PCa. The first kind, phosphorous ligands, conjugated with NIR fluores-
cent dyes were explored as potential intraoperative agents to detect
and treat PCa but failed during in vivo mouse model studies due to
poor tumor uptake and fast renal clearance rate. Phosphorous ligands
are difficult to purify and are also unstable in acidic and basic medium.
They are also prone to attack by nucleophiles in the system leading to
side reactions and loss of affinity. Another well-studied classes of
successful small molecule ligands are urea-based inhibitors, which
when conjugated to radioisotopes or fluorescent dyes show high affin-
ity for detection of PCa. Urea-based ligands are simple to prepare, sta-
ble in acidic, and basic medium. They can be easily conjugated to
chelating linkers like DOTA, NOTA, peptide sequestering moiety
(EC-20) during solid-phase peptide synthesis to deliver radionuclides
for diagnosis and therapy compared with phosphorous ligands. The
radionuclear conjugates derived from urea-based ligands have shown
excellent results both in preclinical and clinical trails to detect PCa.
Additionally, the NIR fluorescent conjugates derived from urea-based
ligands were proved to be successful intraoperative guided tool during
cancer surgery for optimum resection of residual tumors in cancer
patients. Peptides and aptamers have also been studied as PCa
targeting moieties, but they fail to elicit expected clinical success due
to low circulation time and instability in blood plasma. Finally, this
report provides an in-depth analysis of different PSMA targeting
moieties, their stabilities, production costs, ease of preparation, tumor
uptake, rate of renal clearance, scan time, sensitivity, merits, and
demerits in preclinical and clinical scenarios, for successful diagnosis
of PCa.
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