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Abstract

Prostate cancer remains a major cause of mortality and morbidity, affecting millions of men, 

with a large percentage expected to develop the disease as they reach advanced ages. Treatment 

and management advances have been dramatic over the past fifty years or so, and one aspect 

of these improvements is reflected in the multiple advances in diagnostic imaging techniques. 

Much attention has been focused on molecular imaging techniques that offer high sensitivity 

and specificity and can now more accurately assess disease status and detect recurrence earlier. 

During development of molecular imaging probes, single-photon emission computed tomography 

(SPECT) and positron emission tomography (PET) must be evaluated in preclinical models of the 

disease. If such agents are to be translated to the clinic, where patients undergoing these imaging 

modalities are injected with a molecular imaging probe, these agents must first be approved by 

the FDA and other regulatory agencies prior to their adoption in clinical practice. Scientists have 

worked assiduously to develop preclinical models of prostate cancer that are relevant to the human 

disease to enable testing of these probes and related targeted drugs. Challenges in developing 

reproducible and robust models of human disease in animals are beset with practical issues such as 

the lack of natural occurrence of prostate cancer in mature male animals, the difficulty of initiating 

disease in immune-competent animals and the sheer size differences between humans and 

conveniently smaller animals such as rodents. Thus, compromises in what is ideal and what can be 

achieved have had to be made. The workhorse of preclinical animal models has been, and remains, 

the investigation of human xenograft tumor models in athymic immunocompromised mice. Later 

models have used other immunocompromised models as they have been found and developed, 

including the use of directly derived patient tumor tissues, completely immunocompromised 

mice, orthotopic methods for inducing prostate cancer within the mouse prostate itself and 

metastatic models of advanced disease. These models have been developed in close parallel 
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with advances in imaging agent chemistries, radionuclide developments, computer electronics 

advances, radiometric dosimetry, biotechnologies, organoid technologies, advances in in vitro 
diagnostics, and overall deeper understandings of disease initiation, development, immunology, 

and genetics. The combination of molecular models of prostatic disease with radiometric-based 

studies in small animals will always remain spatially limited due to the inherent resolution 

sensitivity limits of PET and SPECT decay processes, fundamentally set at around a 0.5 cm 

resolution limit. Nevertheless, it is central to researcher’s efforts and to successful clinical 

translation that the best animal models are adopted, accepted, and scientifically verified as part of 

this truly interdisciplinary approach to addressing this important disease.

Graphical Abstract

INTRODUCTION

In a general context, preclinical studies on prostate cancer imaging represents one example 

of a broader challenge related to the need to establish relevant preclinical models for 

human cancers as a requisite prelude to clinical testing. Historically, the first animal 

model considerations applied to drug testing and concentrated typically on in vitro binding 

studies followed by in vivo testing of drug candidates in animal survival studies.1,2 As 

such, model systems were an essential step in the development, testing and validation of 

new therapy agents eventually meant for use in patients. With the recent shift of making 

cancer therapeutics more molecularly targeted to the tumors being treated, there has been 

an increasing trend of linking diagnostics to therapeutics. Typically done with pairs of 

drugs that are chemically similar, such agent pairs are most often termed ‘theranostics’ (or 

theragnostics) and their use aims to improve patient management by confirming disease 

prior to treatment decisions or improve the safety and performance of the therapies.3 Clearly, 

the topic of this review forms part of a much larger picture of preclinical research and 

development in modern oncology. Prostate cancer, however, represents a leading example 

of the successful development of modern research efforts against human cancer in that 

the disease history and efforts to ameliorate it are relatively long, the disease is very 

common making new treatments highly impactful, the progress of the disease is fairly well 

understood, and its biology and biochemical progress has been somewhat elucidated. Thus, 
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there are now clearly addressable antigens, receptors and mechanisms that can be logically 

targeted. These include those molecules that are specific to prostate cancer biology and also 

those that are seen more generally in other tumor types.

BACKGROUND AND HISTORICAL PROSTATE CANCER CLINICAL 

TREATMENTS

Historically, most of the therapeutic agents currently used for prostate and other cancers 

were discovered and applied to patients before the development of sophisticated imaging 

agents.4 Early and localized disease is typically treated with surgery or external beam 

radiation, sometimes supplemented by adjuvant hormonal or radiotherapies, while more 

advanced disease had been treated with systemic treatments such as chemotherapies.5 

Diagnostic radiology typically plays a supportive role in diagnosis as well as treatment 

planning/response evaluation and has benefited from numerous advances in multiple 

technologies to bring the field to its current state of knowledge and competence. The broader 

history of the field’s development lies far beyond the scope of this review, but the reader is 

referred to excellent discussions of a scientific and a more general nature regarding cancer 

and its related treatment and diagnoses.6,7

Prostate cancer is considered a disease of older men although it can occur in younger 

men who carry one or more risk factors. Clinically, patients can present with difficulties 

in urination due to urinary obstruction at the urethra from an enlarged prostate, but 

many patients are completely asymptomatic. Together with the patient’s history, the first 

indication of prostate cancer is often from abnormalities noted on screening exams such 

as a digital rectal examination performed by physicians, or blood tumor markers such 

as the prostate specific antigen (PSA). However, a benign growth patten, termed benign 

prostate hyperplasia (BPH) may also be the cause of the anatomic growth and symptoms, 

and patients are often subjected to invasive procedures such as needle biopsies performed 

on multiple parts of the prostate gland to differentiate the diagnosis with tissues sent for 

pathological work-up for a definitive positive diagnosis. More recently, magnetic resonance 

imaging (MRI) may be added to this general paradigm, when available, and is excellent 

in defining the extent of tumor growth more accurately into and through the surrounding 

tissues, and to identify specific targets for biopsy. This information may be crucial to 

decisions regarding individual patient management. While this multiplicity of tests strongly 

assists the physicians in their courses of action it should be understood that all are anatomic 

tests, backed up with the definitive results from the pathologist experienced in detecting 

differences in the normal and non-normal appearance of cellular structures. None of these 

tests address the modern molecular medicine concept of testing that relies on identifying 

biochemical differences between normal and cancerous cells, and that forms the basis of the 

detailed discussions below.

Historically, detection of prostate cancer would direct the patient to a surgeon to remove 

the prostate gland or a radiation oncologist to apply radiation to the prostate gland and 

most common areas of spread within the pelvis. In advanced cases this could be combined 

with reduction in androgens, also known as Androgen Deprivation Therapy (ADT). 
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These treatments, in most cases, thwart the disease’s progress, slowing or eliminating 

metastatic spread, and increasing survival. However, given the slow pace of prostate cancer 

progression, many men die of other causes than prostate cancer and so not all treatments 

are considered necessary or beneficial to the patient. For this reason, some men with 

low-risk disease are directed to active surveillance or watchful waiting rather than surgery or 

radiation. While many men with prostate cancer die of other causes, a significant percentage 

will die from metastatic disease often after considerable suffering accounting for over 

34,500 deaths per year in the United States. The big questions then are which men will have 

progressive disease and which will not, who among the diagnosed population needs further 

treatment, and what treatment is best?

Historically, drug treatments directed to testosterone reduction represented a major effort 

to combat the disease, based on the seminal findings of Charles Brenton Huggins, who 

won the 1966 Nobel Prize for Physiology or Medicine for showing testosterone reduction 

strategies could slow prostate cancer growth.9 The later discovery that the hypothalamus 

controls hormone production and release by the pituitary gland leading to the production 

of gonadotropin releasing hormone (GnRH) and luteinizing hormone releasing hormone 

(LH-RH) won Andrew Schally the Nobel Prize in Physiology or Medicine in 1977 and led 

to the expanded further studies of these hormones in reproductive processes.10

Particularly for this discussion, the role of LH-RH in suppressing testosterone production 

was studied and shown to have essentially the same effects as orchiectomy in suppressing 

the male hormone. Representing what is essentially a ‘chemical castration’ it proved more 

acceptable to patients since no disfiguring surgery was involved, despite the loss of sexual 

function. These research efforts on LH-RH are historically important because they required 

the development of animal models which endure to this day. Experiments relied on the use 

of normal rats, typically Copenhagen strain (injected with squamous cell prostate tumor 

11095) or Fisher (injected with R-3327 Dunning rat prostate carcinoma) and treated with 

LH-RH antagonist analogs.11,12 Such models required tumor growth of from 140 days 

post-inoculation to as much as six months post-inoculation.13 These slow growth rates are 

clearly not conducive to performing multiple, efficient imaging experiments because of the 

times and animal sizes involved and despite the advantage of being a syngeneic model 

(rat tumor implanted in rats), modern imaging experiments required the development of 

better animal models, most notably derived from the independent de novo development 

of immunocompromised mice that could accept and allow growth of mammalian tumor 

xenografts.14–19

A separate independent series of developments involved novel radionuclide imaging 

technologies and, the development of the Anger camera may be considered as a historical 

starting point.20–22 Dr. Anger is a giant in the history of nuclear medicine as he also 

invented that other stalwart of preclinical radioactive animal biodistribution experiments, the 

scintillation well counter.23 Roëntgen’s demonstration of the use of X-rays had led over 

time to their widespread use as an anatomic technique for detection of tumors and became, 

and still often remain, a definitive test for the presence of tumors.24–25 Radiography is a 

mature technology, cheap, easily applied by technical staff, and simply read and interpreted 

by general radiologists. Of course, a major breakthrough in imaging technology came 
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in the 1970s with the invention of x-ray computed tomography that allowed radiologists 

to see anatomy in cross section. In its simplest form, as a technique, the analysis of 

penetrating X-rays is complemented by the injection of a radioactive substance that has 

specificity for the disease under suspicion. Originally, the Anger camera was used but 

this has given way to single photon emission tomography (SPECT), and later positron 

emission tomography (PET). Not only multiple advances in specific technologies but also 

the worldwide revolution in computing power were also requirements for successful studies 

in modern radioimaging techniques.

PROSTATE ANATOMY, FUNCTION AND CARCINOGENESIS

A schematic drawing of the prostate general anatomy and cellular structure is shown in 

FIGURE 1.26 Briefly, the healthy gland, normally the size of a walnut, surrounds the urethra 

and the ejaculatory ducts leading from the seminal vesicles and its major function is to 

add multiple components to formulate and protect the viability of the sperm just prior to 

ejaculation. Clinically, the gland is divided into separate zones, with the central, transitional, 

and peripheral zones being most cited. The bulk of prostate cancers originate in the 

peripheral zone. Functionally, the zones contain ducts and acini that produce the ejaculatory 

secretions, and these are supported and confounded with various other structures and cells 

such as the extracellular matrix, muscle cells, fibroblasts, and neuroendocrine cells. Cancers 

arise when the ductal cells undergo changes due to inheritable mutations that eventually 

lead to aggressive adenocarcinomas. These early prostate tumors are usually dependent 

on androgens for their growth. Tumors may appear in multiple parts of the prostate and 

eventually, tumors may break through basement membranes and invade surrounding tissues 

and in some patients early metastatic spread to distant organs may occur. Aside from cited 

diagnostic methods physicians have relied on the serum test of rising levels of prostate 

specific antigen (PSA; a serine protease, MW 33kD) secreted by the prostate to indicate 

the presence of cancer, both for initial diagnosis and in follow-up diagnostics during patient 

management.27 However, PSA is also secreted into serum in non-cancerous conditions such 

as benign prostatic hyperplasia or BPH. Notably, PSA is not elaborated in rodents and 

can therefore not be followed in preclinical models as a disease marker, although a mouse 

homologue of a human prostate secretory protein of 94 amino acids (PSP94) has been 

suggested as a marker in murine models.28

PSA targeting strategies were among the earliest tried molecular diagnostic approaches 

both preclinically and clinically. The concept of population-based screening PSA tests is 

controversial. Advocates claim that it can lead to earlier diagnosis preventing bad outcomes 

whereas detractors argue that no statistical effect from PSA screening efforts can be 

discerned.29 Everyone agrees PSA testing is less than ideal but it continues as a mainstay of 

patient management.

CELL LINES AND MODEL SYSTEMS FOR ANIMAL RESEARCH

In the modern age, and most particularly for preclinical research on imaging methods, cell 

lines taken from patients and shown to grow in laboratory culture and as xenografts in 

immunocompromised rodents, particularly mice, have formed the basis of most preclinical 
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research on new imaging and therapy agents. TABLE 1 shows a list of the more common 

cell lines used in preclinical models. The well-known and still widely used LNCaP cell line 

was described as long ago as 1983.30 It was obtained from a patient with a metastatic 

lymph node caused by prostatic adenocarcinoma. It was found to grow well in vitro 
and as subcutaneous xenografts (86-hour growth doubling time) in athymic [nude] mice. 

These attributes as well as its sensitivity to androgen receptors are appealing to preclinical 

researchers needing reproducible, predictable, and reasonably fast-growing xenograft lines, 

although perhaps one should be cautioned regarding how well findings obtained with this 

system might relate to primary glandular prostate cancer or to prostate cancer with bony 

metastases. An androgen-dependent cell line isolated at about the same time as LNCaP, PC 

82, was obtained from a primary prostate cancer and so may more accurately model primary 

disease.31 PC 82 was obtained from a patient’s primary tumor that had breached the prostate 

and invaded surrounding tissues. However, in modelling work, after multiple inoculations of 

PC 82 tumor tissue into nude mice it still displayed a [xenograft size] doubling time of 4 

weeks, considerably slower than LNCaP and therefore, less desirable as a tumor model.

Later development of the severe combined immunodeficient mouse (SCID) model32 allowed 

further extension of LNCaP preclinical models into a more immunocompromised murine 

model system.33 This further enabled the study of metastatic spread of LNCaP either from 

subcutaneous xenografts or from orthotopic implantations directly into mouse prostate. 

PC-334,35 and DU14536 are other cell lines that, like LNCaP, are widely used in animal 

models, because they are rapidly growing in androgen-independent media and are easy to 

culture and transplant. But, also like LNCaP they more accurately represent metastatic rather 

than primary disease, again, as the latter type are much more difficult to grow reasonably 

quickly and reproducibly either in culture or as serial xenograft transplantations.35 Injected 

intravenously into SCID mice, PC3, DU145 and LNCaP cells are all able to localize to bone 

and to establish tumors in mouse lungs, further emphasizing their metastatic origin and their 

further potential applications.36

The PC346 line and a series of its derivative cell lines were created from a patient with 

primary prostate cancer. The derivative cell lines are thought to reflect different stages of 

tumor development.37 The model begins as an androgen-dependent tumor that transitions 

to a more aggressive and more metastatic, androgen-independent tumor. The originally 

developed PC-3 and DU145 show little or no androgen growth sensitivity due to low 

receptor expression while the LNCaP line shows robust androgen growth sensitivity.38 

While the original PC346 line displayed limited mutations, repeat culture or xenografting 

led to ‘daughter’ lines. These then proved more similar to cell lines from metastatic 

disease, and reliably show apparently increasing levels of mutations with xenograft disease 

progression. It has been long hypothesized that primary prostate tumors are composed of 

mixtures of cells with differing androgen sensitivity, and the observed patient transition to 

dominant androgen-independent lines involves clonal expansion of independent cells already 

present in tumor before androgen ablation treatments are undertaken.39 The natural selection 

process toward a more aggressive form often seen in patient subjects is almost certainly 

expedited during establishment of monoclonal cell lines for laboratory and animal uses. 

Genomically, the point mutation T877A was noted in the LNCaP line and is seen again in 
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the PC346 line series.40 More recently other point mutations have been noted in cultured cell 

lines41 and such findings have been associated with tumor aggressiveness.

It has been recognized for some time that prostate cancer research is hindered by a lack 

of preclinical models and diversity in those preclinical models that better reflect the true 

diversity of prostate cancer found in humans.42 The Prostate Cancer Foundation has held 

working groups to try to address this issue.2,43 Topics included limitations of available 

and developed cell lines, xenograft models and their application, and newer genetically 

engineered mouse models.44 Aside from the practical development issue of models, a 

major overriding issue is the relevance of these model systems to human disease. The 

number of models is insufficient to meet researcher’s needs and does not truly reflect 

the broad spectrum of human prostate cancer. Moreover, molecular events that define 

tumorigenesis such as point mutations are poorly understood, while the study of tumor 

and host interactions in preclinical xenograft models which do not have an intact immune 

system probably represents a profoundly inadequate model for studying the human/tumor 

system.

Most recently, the establishment of animal models for prostate cancer preclinical research 

has morphed in multiple different directions as scientists have addressed the need for 

better model systems with diverse new approaches. Transgenic mice that develop prostate 

cancers on their own have been established, however the incubation time is long and 

generally uncertain.44 More sophisticated applications of LNCaP has extended the system to 

metastatic systems, reflecting its original isolation as metastatic disease,45 and to the use of 

advanced injection techniques for orthotopic models.46 A significant advance and alternative 

to murine models may be establishment of a canine prostate cancer cell line (Ace-1) 

into the prostates of immunosuppressed, intact, adult male dogs after transabdominal 

injection.47 An orthotopic model has also been established in immunocompromised rabbits, 

perhaps opening another new avenue to more relevant patient models.48 Meanwhile, 

significant attempts have been made to ‘naturalize’ the growth and progress of prostate 

tumors, by direct injection of cells into the prostate,49 and using electroporation/transposon 

techniques.50 Considerable work at multiple institutions has been directed toward the 

development of patient derived xenograft (PDX) models of prostate cancer, lately leading to 

the establishment of the Melbourne Urological Research Alliance (MURAL) collection of 

prostate cancer cell lines for preclinical research.51 This collection includes cell lines from 

the treatment-naïve primary tumors to castration-resistant metastases and embraces inter- 

and intra-tumor heterogeneity in both adenocarcinoma and neuroendocrine phenotypes. 

However, not all PDX tumors grow ex-vivo so there is some selection bias. Moreover, 

PDX tumors lack a normal tumor microenvironment because they must be injected into 

immune-compromised animals.

SPECT and PET

Despite all the issues with preclinical models of disease, SPECT and PET imaging 

of targeted molecular imaging probes have proven to reliably predict functionality in 

humans. Radiolabeled targeting moieties simply need to demonstrate the ability to bind 
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to representative prostate cancer xenografts well enough to justify an initial clinical 

investigation, more fundamental disease questions aside.

A variety of radionuclides have been proposed and investigated for both SPECT and PET 

nuclear imaging (TABLE 2). All have relatively short physical and biologic half-lives 

consistent with their intended purposes. Radionuclides vary in the energy of the gamma 

ray or positron they produce. PET isotopes uniformly produce two 511 keV gamma ray 

emissions but differ in the energy levels for the positron emission energy with higher energy 

positrons tending to give less sharp images. Before PET became more widely available, 

most initial research work focused on SPECT agents although once PET was developed 

to an acceptable technical level its superior inherent sensitivity and resolution, relating to 

its two co-incident 511 keV gamma rays emitted 180° apart, that eliminates the need for 

collimation made PET the more desirable radionuclide type.

A relatively recent innovation is the dual use of targeted radionuclides as either diagnostic 

or therapeutic agents. Molecularly targeted radiotherapy can result from substituting a non-

therapeutic isotope for one that emits either an alpha or beta particle while maintaining the 

same targeting ligand (as much as possible). Extension of diagnostic findings to therapeutic 

potential will always remain an attractive option for clinicians and the demonstration 

of binding of a detectable and target-specific radiolabeled vector naturally leads to 

considerations of therapeutic analogs. Most recently, scientists have brought this idea to 

fruition by the development of multiple radionuclide-based targeting agents directed to 

different tumor sites that provide molecularly specific diagnostics, which are then rapidly 

being extended to their therapeutic radio-analogs. The preclinical development of selected 

novel agents is discussed below.

ESTABLISHING TARGETS FOR MOLECULAR IMAGING

Metabolic Imaging

The era of molecular medicine for prostate cancer targeting has been ushered in with 

a variety of basic laboratory advances including the landmark discovery of monoclonal 

antibodies (MAbs),52 subsequent protein engineering discoveries,53 increasing knowledge of 

cancer growth mechanisms54, and development of drug discovery screening chemistries.55 

However in the realm of radioimmunodiagnostic imaging the development of PET as 

a superseding technology to SPECT in turn led to the seminal breakthrough of the 

discovery of 18F-fluorodeoxyglucose (18F-FDG) as a preferred molecular imaging agent 

for cancers, and this is not based on molecular recognition but rather on inherent metabolic 

processes.56 18F-FDG localizes to cancers at higher levels than it does to normal tissues, 

often resulting in enhanced uptake in cancer cells due to their greater metabolic uptake of 

glucose.57 Mechanistically, at a basic biochemical level, the 18F-FDG is internalized into 

cells and broken down into 18F-tagged molecular fragments that are then accumulated within 

the cell, enabling sufficient time to complete imaging studies. Unfortunately, in prostate 

cancer several factors make 18F-FDG less useful than in other tumor types including high 

excretion through the urinary tract where the prostate is located, and lower avidity of the 

glucose analog for relatively indolent primary prostate cancers. As the disease progresses 

and prostate cancers become more aggressive, 18F-FDG uptake increases. Animal xenograft 
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studies using comparative localizing agents and differing tumor xenograft models confirm 

this result.58 Further metabolic targeting agent options, relying on the concept of increased 

uptake by more active tumor cells, have been explored including 11C- and 18F- analogs 

of choline (lipid synthesis), acetate (acetyl coenzyme A mediated metabolic processes), 

methionine and glutamate (protein synthesis), and amino acid analogs such as FLT and 

FACBC.59 Many of these agents have also been proposed for niche applications such as 

radiation therapy planning and following the progress of external beam therapies, and one 

might assume that the same comments directed to 18F-FDG PET metabolic imaging above 

may be applicable to these agents with respect to the indolent growth profiles generally 

seen in primary prostate cancer. In general, this metabolic approach is less sensitive and less 

specific than more receptor targeted approaches.

Monoclonal Antibodies and Derivatives

Originally, PSA, a serum protease, was explored as a specific antigen for monoclonal 

antibody targeting,60 but its use was discontinued due to the high amounts secreted into 

serum, both in patients and in animal xenografts, as well as the binding of many such PSA 

antibodies to the related kallikrein proteins, which are also serine proteases. More recently 

this approach has returned with targeted agents against kallikreins, and early results are 

promising. A better antibody target was identified as prostate specific membrane antigen 

(PSMA) and the comparison to PSA is shown in TABLE 3.61 Also known as glutamate 

carboxypeptidase G2 (N-acetyl-L-aspartyl-L-glutamate peptidase I; folate hydrolase), it is 

present as a transmembrane protein in all types of prostate tissue but often increased in 

tumor tissue. An original monoclonal [7E11] was first developed with the LNCaP cell line 

and shown to bind an intracellular/membrane epitope of the PSMA protein.61 Eventually 

work on 7E11 led to the first FDA approved SPECT agent for prostate cancer diagnosis 

[ProstaScint® scan (Cytogen Corp., Princeton, NJ).62 However, due to its high background 

signal and low sensitivity clinical performance related to prostate recurrence, lymph and 

bone metastases, possibly due to recognizing an internal antigen binding site, and its inferior 

radiolabeling protocol producing an unstable 111In-MAb linkage, it was later withdrawn 

from commercial use.

Other antibodies raised against human PSMA were discovered and developed63 and in 

comprehensive testing in xenografted mice bearing prostate carcinoma cell lines LNCaP, 

DU145, and PC-3 MAbs radiolabeled with both 131I and 111In were shown to both strongly 

target and rapidly internalize into cells via the PSMA antigen.64 Of this Mab series, the J591 

clone was chosen for further theranostic development, and it was later radiolabeled with 89Zr 

for PET imaging.65 Preclinically, the 89Zr-J591 was compared in LNCaP (PSMA positive) 

and PC-3 (PSMA negative) s.c. xenograft models (FIGURE 3). With separate animals 

having xenografts in left (PSMA+) or right (PSMA−) shoulder regions the efficacy of the 

positive targeting agent was shown clearly, with the striking images for the LNCaP animals 

reflecting 8-, 29- and 18- to 1 tumor to blood ratios at 48-, 96- and 144-hours post-injection, 

respectively. Interestingly, the relatively high bone uptakes with carrier-free 89Zr-J591 could 

be partially blocked by excess injected cold J591 MAb suggesting that relatively high bone 

uptakes often seen will all metallic radiolabeled MAbs was not due entirely to dissociated 
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89Zr localization, but partially due to recognition of the PSMA antigen in bone by the 
89Zr-J591 targeting MAb.

The images from FIGURE 2 illustrate the utility of these xenograft models in predicting 

likely human performance. The tumor xenografts are well delineated and clearance and 

biodistribution accurately quantified for both non-targeting and targeting models. Normal 

tissue and tumor uptake of the radionuclide and its retention over time clearly shows the 

tumor, not only indicating optimal imaging times but giving an accurate estimation of 

the dosimetry to be expected to tumor and normal tissues. This data can be extended to 

human predictions of dosimetry and forms an essential part of the preparation of materials 

for potential clinical applications. Dosimetry is an important aspect of the reagent under 

development as the expected patient radiation doses (a negative aspect from inherent doses 

to patients) must be counter-balanced, or more than counter-balanced by the utility of 

information being obtained (positive aspect from the imaging). Even more importantly, 

with theranostic extension under consideration anticipated patient doses from an analogous 

therapeutic conjugate, such as 177Lu-J591, can be gleaned from this imaging study. So, 

while the images are strongly positive, the study also cautions that high non-target tissue 

uptakes, principally in liver and bone are to be expected, and perhaps further predicts 

that attempts to use this agent for identification of bone metastases may be problematic. 

As mentioned above, radiometal labeling of proteins can lead to dissociation of the two 

components in vivo often leading to unwanted tissue uptakes, principally in liver and bone, 

and this concern is present when using all radiolabeled MAbs with nuclides listed in TABLE 

2. Xenograft studies over several decades have been crucial in identifying this problem 

and, more importantly, quantifying the extent of the problem for every candidate radiometal 

labeled targeting vector under consideration for development. The J591 methodology and 

techniques applied here result in a superior conjugate to many others also outlined here 

and are built upon numerous previous preclinical investigations with xenograft models 

developed to identify and select the most stable radiometal-MAb combinations for clinical 

development.66–72

Mouse models, however, have inherent disadvantages. If the mouse does not express PSMA 

in normal tissue (and it doesn’t) an inherently optimistic biodistribution will be obtained 

since the injected targeting vector does not have to deal with competition from normal tissue 

expression of the same antigen, as it will in humans. Effects may be further exacerbated by 

the antigen expression in normal tissues in patients being more naturally available in normal 

tissue than in tumors, which often have compromised blood flow and aberrant lymphatic 

drainage, characteristics not seen in mouse xenografts. Furthermore, human MAbs often 

clear rodent circulation faster giving the false impression of a shorter biological serum half-

life than one may later see in a human subject. For imaging, one wants maximum specific 

tumor uptake combined with the most rapid normal all-tissue clearance, as an ideal situation. 

The radiolabeled IgG localizes exceptionally well in the xenograft model, but the model 

indicates an extended circulation time, under even the best of conditions. While imaging 

performance and dosimetry are considerations, a more mundane factor might be patient 

acceptance of imaging procedures that take multiple days to complete. Because of this point, 

extended research has investigated potential improvements in MAb imaging by using MAbs 
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with shorter serum half-lives, such as antibody fragments or smaller re-engineered versions 

of the originally developed intact MAbs.73

As an example of this, a 99mTc radiolabeled diabody construct of the J591 antibody was 

developed for SPECT imaging (FIGURE 3). Despite use of this 55K Dalton diabody 

ensuring rapid serum clearance and the well- engineered xenograft model system, the 

test agent shows limited positive uptake in PSMA+ DU145 target cells and considerable 

background uptake in normal tissues. While the results may indicate that this particular 

agent may not have a clinical future, the imaging model performed its experimental function 

superbly thanks to the exquisite and quantifiable mouse images obtained. The recognition 

that a radiolabeled antibody’s long serum presence is a disadvantage has been continually 

challenged with experiments on smaller and smaller radiolabeled recombinant proteins, 

with molecular weights down to and including peptides. Mirroring prior work when intact 

IgG MAbs were enzymatically converted to F(ab’)2, Fab’ and similar species reflecting 

molecular weights of approximately 150,000 Dalton, 100,000 Dalton and 50,000 Dalton 

respectively, recombinant constructs of minibodies (80,000 Dalton), diabodies (50,000 

Dalton) and scFv fragments (27 Dalton) have been generated, radiolabeled, and tested in 

various xenograft models. In the prostate cancer xenograft models and continuing with the 

J591 model exemplar, 89Zr-J591-IgG -minibody and -diabody conjugates were compared in 

LNCaP models.74

The specific comparisons in the animal xenograft model system are again highly instructive 

in a general manner (FIGURE 4). All three agents show strong uptake on planar PET 

images of xenografts at 12 h post-injection, but the IgG still shows considerable circulating 
89Zr-MAb, making it more difficult to pick out tumors whereas the smaller fragments have 

essentially cleared the blood. However, the 89Zr-IgG can still accumulate into tumor at 

extended time periods, while the two fragments have maximized their uptake at the earlier 

time-point and tumor retention of 89Zr in xenografts begins to fall at later time-points, 

indicating early time-point PET must be done since some the radiolabeled agents are 

surface bound and will dissociate from their binding sites when uptakes are not supported 

by constantly circulating levels of unbound agent. Despite the similarity in the images, 

biodistributions in %ID/g terms indicate much higher uptakes from the 89Zr-IgG than the 

fragments and the fragments show high uptakes in kidney, with the lower MW diabody 

clearing circulation faster than the minibody. In essence, early time-point PET will offer 

superior contrast against a general background, except perhaps in the pelvic area, which is of 

most concern in primary prostate cancer.

Further molecular weight reduction in targeting proteins beyond what is achievable with 

antibody fragmentation was achieved with antibody analogs rather than recombinant 

antibody fragments with the development of Affibody® molecules which are about 6,000 

Dalton MW and comprised of alpha helices of 58 amino acids that are obtainable by 

library screening methods and raised with exceptionally high, picomolar, affinity against 

investigator-selected antigen targets. Notable efforts with these agents in prostate cancer 

have been directed against more general cancer antigens than PSMA, such as epidermal 

growth factor (EGF). In preclinical testing of an 111In-labeled affibody, ZEGFR:2377 for 

binding in all three standard xenograft lines, LNCaP, PC-3 and DU-145, all of which 
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express EGF receptors, at average levels of 43,000, 99,000 and 207,000 receptors/cell, 

respectively high specific binding levels were seen.75 In extension of the work into a 

DU-145 preclinical xenograft model a similar anti-HER2 affibody construct radiolabeled 

with 57Co was demonstrated to show positive uptake in xenografts implanted in the animal’s 

hind legs. Again, the models provided good general guidance on what to expect with further 

development. Tumor uptakes seen with larger vectors were again considerably reduced 

with 1–2 %ID/g uptakes in the xenografts, counterbalanced by 3–7 %ID/g uptakes in liver, 

and 247–300 %ID/g uptakes in kidney. The general trend of reduced target uptakes and 

increased renal uptakes seen with smaller antibody fragments is strongly reinforced here 

with a 6,000 MW vector. The data suggests ever- faster clearance with ever-smaller proteins/

peptides, lower target uptakes resulting from the faster pharmacokinetics, but enhanced 

and, importantly, retained renal uptake of radionuclide. Most simply interpreted, smaller 

protein vectors do not apparently have the circulatory time adequate to obtain substantial 

tumor uptakes, and ominously this effect is seen with vectors having target affinities in the 

picomolar range, suggesting clearance is a more important factor than affinity.

In passing, other targeting constructs tested included camelids (camel VHH, variable region 

heavy chains) recombinant non-antibody targeting vectors such as ankyrins and DARPins 

are being developed as imaging and therapy agents and although it may be too early to 

gauge successes in these areas one preliminary animal study using a 57Co-labeled DARPin 

raised against epithelial cell adhesion molecule (EpCAM) has been published.76 Very 

high uptake and retention was seen in kidney when using radiometal labeled constructs, 

with > 50-fold lower uptakes in DU145 xenografts, echoing prior results, using different 

radionuclides, labeling methods, protein vectors, and antigen targets.

Recently, more novel targets have been investigated with radiolabeled protein constructs 

such as diabodies targeting prostate stem cell antigens (PSCA).77 This work used two 124I-

labeled diabodies for targeting that showed very low uptakes in LAPC-9 xenografts at early 

time-points post-injection, with modest renal uptake since 124I clears rapidly from renal 

tissues, but also clears rapidly from tumor target cells since it is not retained internally in 

cells. Such efforts have continued against this target using 131I and 177Lu minibodies78 and 

a more sophisticated syngeneic model using ‘KNOCK-IN’ transfused versions of original 

RM-9 murine cells elaborating enhanced levels of hPSCA.79 The latter used 89Zr-diabodies 

and therefore had the same general distribution seen with such radiolabels, although 

the establishment of a syngeneic model in immunocompetent mice may have significant 

importance in studies of the effects of the immune system in prostate cancer models.

Small Molecule Imaging Agents

Low MW agents based on specific targeting of receptors have been suggested and 

investigated in some detail.80 A considerable effort has been expended on bombesin-like 

peptides, principally gastrin-releasing peptide (GRP), a naturally occurring 27-amino acid 

length peptide, that can be subjected to multiple synthetic and peptide modifications 

which, along with multi-radionuclide radiolabeling options, leads to hundreds (theoretically 

limitless) of analogs for investigations.81 Only one or two highlights can be discussed 

here. A GRP dimer was produced to give two peptide recognition units on the targeting 
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moiety.82 SPECT and optical images (agent also had a fluorescent dye attached) obtained 

with this In-111-labeled agent are shown in FIGURE 5. Analogs containing 68Ga, 177Lu, 
89Zr and other similar radiometals are, similar in biodistribution. Shoulder PC-3 tumor 

xenografts are clearly delineated but the great mass of the injectate is present in the 

bowels, particularly pancreas, as expected given the role of gastrin in digestive processes. 

Interestingly, considering possible prostate cancer imaging in the pelvis, little or no activity 

is seen in the kidneys or urethra and future placement of xenografts in or around this 

area would be interesting, as might application of the newer orthotopic model approaches 

mentioned elsewhere in this review. Radiolabeled bombesin analogs have been compared 

with RGD, 18F-FDG, PSMA and neurotensin analogs for prostate cancer xenograft imaging 

in an exploratory study in the 22Rv1 (androgen positive) and PC-3 (androgen negative) 

xenograft cell lines, with the intent of identifying a peptide vector that might we used in 

PSMA negative patients.83

The most fundamental and practical advance in prostate cancer diagnostic imaging was 

made with the discovery of glutamate carboxypeptidase G non-natural binding agents, that 

could be radiolabeled with imaging radionuclides.84,85 The glutamate carboxypeptidase 

II enzyme, one of a larger family of carboxypeptidase enzymes, cleaves the amino 

acid glutamate from the N-acetyl-L-aspartyl-L-glutamate (NAAG) dipeptide and is also 

active in cleaving glutamate for other C-terminal glutamate substrates including peptidyl-, 

aminoacyl-, benzoyl-, benzyloxycarbonyl-, folyl- and pteroyl- groups. It is also termed folate 

hydrolase and for our purposes, prostate specific membrane antigen (PSMA). Early work in 

neurosciences led Pomper et al. to recognize the enzyme’s ability to cleave glutamate from 

multiple natural and non-natural structures including the urea derivatives shown (FIGURE 

6). This work led to the discovery and development of multiple radiolabeled analogs 

including 18F-DCFBC,86 images of which in nude mice bearing PC-3 xenografts are shown 

in FIGURE 7. The PC-3 cells modified with PIP to express PSMA clearly show xenograft 

uptake while the original PC-3 line, which is PSMA negative shows no uptake. Tumors are 

placed in the shoulders, remote from the renal and bladder areas which show the typically 

high radioactivity uptakes and radioactivity retentions seen with almost all low molecular 

weight targeting vectors. In structural development to the DCFBC analog the central urea 

framework, is flanked by the required glutamate function on one nitrogen and an aromatic 

function on the other urea nitrogen. As such, the central urea replacement of the original 

peptide bonds present in natural NAAG produces a binding but enzymatically resistant 

variant while the aromatic group was shown to offer a sub-structure type that results in a 

molecule with stronger affinity to the target enzyme, and also offered the aromatic ring for 

convenient radiofluorination producing an agent resistant to in vivo defluorination reactions.

The later-generation agent, 18F-DCFPyL was developed and then tested in the same PC-3 

(PSMA+/PSMA−) model system.87 As seen in FIGURE 8, the model showed more rapid 

and compete clearance through the renal system than the earlier analog. Structurally, 

DCFPyL contained an α-substituted amino lysyl- residue whereas the DCFBC contained 

an α-substituted cysteinyl- residue on one of the ureal-functionalities with 18F-aroyl 

substitutions on the respective amino acid side chains. Additionally, the DCFPyL derivative 

was substituted with an 18F-nicotinyl- side chain whereas the DCFBC had an 18F-benzyl 

derivative making the former radiolabel easier to produce, and the final product more 
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water-soluble. In human dosimetry estimates from this study, the effective dose based on 

ICRP 60 tissue weighting factors was 13.6 mSv/MBq, indicating a maximum of 331 MBq 

(9mCi) could be administered without exceeding the maximum 50 mGy critical organ dose 

limit (to the urinary bladder wall). The improved properties directly resulted in the superior 

xenograft imaging results seen in FIGURE 9, which was crucial in deciding to proceed with 

further development of a clinical product. Piflufolastat F-18 injection (Pylarify, Lantheus, 

N. Billerica MA) became the first radiofluorinated PSMA agent approved by the FDA for 

PET imaging in May 2021 after two pivotal clinical trials (CONDOR and OSPREY studies). 

Updated clinical investigations suggest that 18F-DCFPyL PSMA imaging in combination 

with advanced magnetic resonance imaging may change the paradigm for prostate cancer 

patient diagnoses and management.88

Pylarify was not the first anti-PSMA targeting agent to gain regulatory approval. It was 

preceded by a 68Ga radiolabeled agent, Ga68 PSMA 11 (UCLA and UC San Francisco). 
68Ga-PSMA 11 contains the same urea recognition unit as DCFPyL but has a gallium-68 

chelation sub-structure termed HBED on its lysyl-epsilon amino residue. However, despite 

excellent imaging results, the dependency of this agent on 68Ga produced from an in-house 
68Ga/68Ge generator system and its short half-life and high energy positron emission 

mitigate against its widespread use, and investigators are actively looking for 18F analogs 

of the agent.89 Preclinically, in LNCaP xenograft models 68Ga- and 18F-PSMA 11 analogs 

behave quite similarly with very high kidney and bladder radioactivity uptakes at 1-hour 

post-injection (FIGURE 9). The 18F PSMA 11 analog was structurally much different from 

the 68Ga-PSMA 11 original version, with the HBED 68Ga chelate discarded in favor of 

a polyazamacrocyclic structure, making the comparison somewhat contrived with regard 

to being ‘PSMA 11’, as it is really between two quite different compositions-of-matter. 

However, this study demonstrates further the remarkable ability of the PSMA enzyme to 

bind to multiple diverse structural derivatives of the basic urea-glutamate structural template, 

and this has led to numerous other analogs targeting PSMA with diagnostic and therapeutic 

structural variations of that basic structural sub-unit.

Examples of the diverse agents based on the ureal-glutamate subunit include 123/124/131I-

MIP-1072/−1095, 99mTc-MIP-1404/−1405, 68Ga-HBED-CC-PSMA, 68Ga/177Lu-PSMA 

I&T, 68Ga/177Lu-PSMA-617 and 18F-PSMA-1007, with a clear thrust toward theranostic 

agents.90 Driven mostly by the needs of radiotherapeutic agents the most significant 

efforts are now directed toward reduction of renal and salivary gland uptakes of agents 

by blocking agents91 or by (there is no salivary gland uptake via PSMA targeting in 

mice) by continuing modifications of chelates, isotopes, linkers and PSMA-targeting sub-

structures, as well as use of imaging vectors in xenograft models to establish dosimetry for 

planned future therapeutics.92 Additionally, with respect to anti-PSMA agents, attempts to 

modify biodistributions of PSMA targeting vectors have explored the temporary binding 

of such agents to albumin by addition of a hydrophobic (usually aromatic group) to 

extend serum half-life, as a much greater appreciation of the role of protein binding in 

final deployment of administered drugs and radiolabeled agents is appreciated.93 Initial 

explorations in this field have already led to modification of well-known anti-PSMA 

targeting agents such as PSMA-617 with serum-half-life extenders such as the dye Evans 

blue.94 FIGURE 10 shows the effect of the attachment of Evans blue dye to PSMA-617, by 
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two methods, their radiolabeling with 86Y- and the PET imaging biodistribution in PSMA+ 

xenografts. Enhanced xenograft retention of the radiolabel out to 24–48 h post-injection is 

demonstrated. Multiple other serum-extending agents based on lipophilic attachments, such 

as poly(ethylene)glycols, can be envisaged and work is very active in formulating many 

compositions designed to ameliorate the too-rapid washout of low molecular weight, peptide 

and small protein tumor targeting agents.95

Some of the most recent work dedicated to low MW anti-PSMA agents have focused 

on bivalent targeting strategies, for example combined PSMA and GRPR targets.96 Using 

PC-3 PIP subtype tumor models with PC-3 cells transfected to express PSMA (FIGURE 

11) both protein targets could be identified with a low MW agent that had a chelating 

group for 111In and 177Lu, together with the ureayl- glutamate sub-unit for PSMA and a 

bombesin analog peptide for GRPR, with selective receptor blockage with 2-PMPA and 

bombesin, respectively. Further, similar work extended the concept to bispecific targeting of 

two epitopes, one to PSMA and the other to fibroblast activation protein (FAP) using 64Cu 

labeling. While showing multiple cancers, high background radioactivity was also seen.97

In a study of growth patterns in response to androgen deprivation therapies (ADT) in 

LNCaP xenografted mice, an 18F-anti-PSMA PET agent showed great variability in tumor 

uptake values over the time courses of androgen blockade, indicating highly variable PSMA 

expression in tumors at different periods of tumor treatments.98 Since ADT is such an 

important aspect of prostate cancer therapy it is important to know its effects on PSMA 

uptake and animal models are useful to accumulate this data.

Testosterone and Steroids

Testosterone and related steroids are extremely hydrophobic and tend to circulate bound 

to sex hormone globulin or other ‘carrier’ proteins such as serum albumin. To this day 

testosterone activity and biology is poorly understood with controversies over the role of 

free testosterone still unresolved.99 Typically, only 2% of serum testosterone is in free form 

with 44% and 50% bound to sex hormone binding globulin (SHBG) and serum albumin, 

respectively. A PET radionuclide such as 18F- bound to a steroidal testosterone analog 

displays extremely fast and near-complete deposition into the liver soon after injection, 

making efforts to image animal xenograft models with testosterone derivatives largely futile, 

besides which rodents do not express SHBG. Nevertheless, a radiofluorinated testosterone 

analog was prebound in vitro to SHBG and injected into LNCaP xenografted mice as 

a strategy to overcome the albumin binding problems, however, poor xenograft uptakes 

were still seen in the face of overwhelming radionuclide uptake in the liver.100 In 1992 a 

series of fluorinated testosterone analogs were prepared and studied to provide guidance 

with regard to a useful 18F-labeled testosterone analog and showed that fluorination did 

not markedly affect receptor binding or interfere with other steroid binding if the C-3 

and C17 substitution positions were avoided,101 and subsequently fluorinated analogs were 

synthesized as prospective PET agents.102

[18F]16β-fluoro-5α-dihydrotestosterone (DHT) was studied in an LNCaP animal model to 

delineate testosterone biology and link PET imaging observations to biological reactions, 

rather than using it to merely highlight a tumor’s presence.103 In this study the role of 
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glucuronidation as a detoxification for drugs was examined, with the 17-oxy position 

of dihydrotestosterone being the point (vide supra) where the mice effectively can 

glucuronidate and remove excess dihydrotestosterone from its system. Loss of this ability to 

glucuronidate the steroid enabled the system to survive with extra-gonadal testosterone and 

steroid production and showed a parallel finding to that seen in the clinic with treatments 

involving an extended steroid depletion strategy.104 The availability of new androgen 

blocking drugs, opens the door to the preparation of radiofluorinated analogs with superior 

imaging pharmacokinetics to testosterone analogs. Such agents may be used to target 

androgen receptors in the prostate, and the first radiofluorinated analog of enzalutamide 

was recently investigated in the LNCaP xenograft model for this purpose.105

SUMMARY

Molecular medicine, and its diagnostic partner, molecular imaging, have made great 

advances over the last two decades. SPECT and PET are essential to carefully evaluate 

potential advances in this area using animal models. Xenograft models of prostate cancer are 

well established and proven to be trusted standards in predictions of clinical utility, and just 

as importantly, indicators of potential clinical problems. The limitations of such models and 

their relevance to the clinical situation always needs to be kept in mind, from the simplest 

comparisons of size and species to the equally important aspects of biochemistry and natural 

and xenograft disease distinctions.

Newer animal models using advanced transplantation techniques, genetic engineering, better 

patient disease samples, improved understanding of prostate cancer growth in mice, and the 

use of other animals in modeling, promise further improvements in the relevance of tumor 

models to clinical disease. Clinically, prostate cancer remains notoriously difficult to detect 

on a patient-by patient basis both regarding its initial presence and for its potential in any 

specific individual to progress to metastatic or more aggressive growth. It is in these areas 

that in vivo modeling systems may best serve future patient needs.
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Highlights:

• Immunocompromised mice allow controlled tumor xenograft growth.

• Prostate and metastatic prostate cancer cell lines isolated and grown represent 

various stages of the disease.

• Advances in PET technology allows highly accurate imaging in xenografted 

mice.

• Biodistribution of radiolabeled reagents can be fully quantified.

• Any type of targeting vector can be radiolabeled and accurately studied.

• This methodology has formed the basis of extension to human studies.

• Results strongly support the regulatory approvals for human use.
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FIGURE 1. 
Anatomy of the human prostate and surrounding tissues.

Reprinted with Permission from Nature, Rebello et al 2021. adapted from Verze et al. 
(2016), Springer Nature Limited.
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FIGURE 2. 
PET imaging of nude mice bearing LNCaP (top) or PC-3 (bottom) xenografts from 3 to 144 

h post-injection of 89Zr-J591 with transverse images shown above coronal images in each 

case and the strong and specific uptake in the PSMA positive lesions.

Reprinted with permission. This research was originally published in JNM. Holland JP et 

al. 89Zr-DFO-J591 for ImmunoPET of Prostate-Specific Membrane Antigen Expression In 

Vivo. J Nucl Med. 2010;51:1293–1300. © SNMMI.
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FIGURE 3. 
SPECT imaging of 99mTc-J591 diabody in mice bearing s.c. xenografts of the native DU145 

PSMA− cell line or the DU145 line expressing PSMA as positive target. a. Serial images 

of PSMA-DU145 taken from 5 min to 8 h post-injection. b. Mouse with PSMA negative 

tumor line at 8 h post-injection. c. Mouse with PSMA-DU145 cell line given blocking dose 

of Tc99m-J591 diabody. Tumor shown by arrows.

Reprinted under Creative Commons from: Florian Kampmeier et al. Design and preclinical 

evaluation of a 99mTc-labelled diabody of mAb J591 for SPECT imaging of prostate-

specific membrane antigen (PSMA), March 7, 2014. EJNMMI Research. Springer Nature

Olkowski et al. Page 25

Semin Nucl Med. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 4. 
PET images of 89Zr-minibody (A), 89Zr-diabody (B) and 89Zr-IgG (C) of the J591 targeting 

MAb in the LNCaP xenograft system. Animals have tumors (T) in their shoulder regions and 

all three targeting agents clearly show specific targeting.

Reprinted with permission from Molecular Pharmaceutics, 11:3965–3973, 2014. https://

pubs.acs.org/doi/10.1021/mp500164r American Chemical Society. Further permissions 

related to the material excerpted should be directed to the ACS.
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FIGURE 5. 
(A) Static coronal microSPECT images of Bombesin targeting bivalent peptide 111In-

DOTA-[Aca-BN(7−14)]2 on PC-3 tumor bearing athymic mice at 1, 4, and 24 h p.i. (top) 

with and without blocking agent and combined with the optical photograph. Below: Static 

coronal microSPECT/CT images acquired at 24 h p.i. without (left) and with blocking agent 

(right). Arrows indicate tumor sites.

“Reprinted (adapted) with permission from Molecular Pharmaceutics 10:1716–1724. 

Copyright 2013. American Chemical Society.”
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FIGURE 6. 
Structures with C-terminal glutamic acid units cleaved by the NAAG peptidase (PSMA) 

enzyme. The bottom panel reflects the discovery of the urea-based series of non-natural 

derivatives and the ability of the enzyme to remain active against a large and diverse number 

of such structures.

Reprinted with permission from Zhou et al. Nature Reviews Drug Discovery. Nature 

Publishing Group.
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FIGURE 7. 
PET images of animals with PSMA+ PC-3 PIP tumors in their left shoulders and PSMA− 

PC-3 tumors in their right shoulders after injection with [18F]DCFBC at times shown. 

Accumulation is only seen in the PSMA + tumor which also shows better retention than 

initial renal uptakes indicating slow urine wash-out and high bladder activity.

Reprinted with permission from Mease et al. Clinical Cancer Research, AACR journals.
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FIGURE 8. 
PET-CT volume-rendered composite images of the biodistribution of [18F]-DCFPyL in PC3 

PIP (PSMA+) and PSMA− PC3 flu (PSMA−) with tumor xenografts in opposite forearms 

of NOD-SCID mice. At 30 minutes post-injection radionuclide uptake was evident within 

the PSMA+ tumor and the kidneys, and uptake receded from kidneys with bladder excretion 

faster than from the tumor and was not evident at 3.5 hours. Compare with FIGURE 7 

images.

Reprinted with permission from Chen et al. Clinical Cancer Research, AACR journals.
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FIGURE 9. 
68Ga- and 18F-PSMA 11 analogs. Maximum intensity projection (MIP) PET images at 1 h 

p.i. of two mice with either PSMA positive tumors (LNCaP, top) or PSMA negative tumors 

(PC3, bottom). Images show high kidney and bladder uptake with tumor implanted in the 

animal’s shoulder regions.

Reprinted under Creative Commons from Piron et al. Intra-individual dynamic comparison 

of 18F-PSMA-11 and 68Ga-PSMA-11 in LNCaP xenograft bearing mice. Scientific 

Reports, 2020, Springer Nature.
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FIGURE 10. 
Albumin binding. PET imaging of 86Y-PSMA-617 [90Y therapeutic analog radionuclide] 

derivatives with and without attachment of the albumin-binding dye Evans Blue, out to 48 

hours post-injection in mice with xenografts of PC3-PIP (PSMA+) or PC-3 (PSMA−) cells. 

Upper ventral, lower dorsal, slices.

“Reprinted (adapted) with permission from Bioconjugate Chemistry 29:3213–3221. 

Copyright 2018 American Chemical Society.”
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FIGURE 11. 
Bispecific Targeting. Maximum-intensity microSPECT tumor and microCT skeletal fusion 

coronal, whole-body images with and without blocking of PC-3 and PC-PIP tumor-bearing 

SCID mice at 4 h post-tail vein injection of [DUPA-6-Ahx-([111In]In-DO3A)-8-Aoc-BBN 

ANT]. PSMA blocked with excess 2-PMPA, and GRPR blocked with cold bombesin. 

Bilateral xenografted tumors in hind legs are indicated by red arrows.

“Reprinted (adapted) with permission from Journal of Medicinal Chemistry, 64:2151–2166, 

Copyright 2021, American Chemical Society.”
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TABLE 1.

Cell lines commonly used in xenograft mouse models of prostate cancer notably with radionuclides

Cell Line Type Androgen dependence for xenograft growth Source Reference

LNCaP Metastatic − Lymph node 30

PC-82 Primary + Prostate 31

PC-3 Metastatic − Bone 34

DU 145 Metastatic − Brain 36

PC346 Primary + Prostate 37

RM-9/hPSCA Murine Prostate

22Rv1 Primary + Prostate 83
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TABLE 2.

Radionuclides used for SPECT and PET preclinical imaging and intended for clinical development. 

(Emissions: γ, gamma; β− beta; β+ positron), energy in keV (% abundance).

Radionuclide Half-Life Major Energy Emissions γ, Positron & Negatron Vector Attachment

Indium-111 2.8 d γ 173 & 245 keV (>90%) Chelate

Technetium-99m 6 h γ 140 keV (98%) Chelate

Gallium-67 3.3 d γ 93 & 185 keV (38 & 20%) Chelate

Gallium-68 68 min B+ 511 keV (89%) γ 1899 keV (89%) Chelate

Copper-64 13 h B+ (18%) γ, β− (43 & 39%) Chelate

Copper-67 62 h γ 184 keV (48%) β-(392, 483, 577; 57, 22, 20 %) Chelate

Carbon-11 20 min B+ 960 keV Covalent

Fluorine-18 6 h B + 511 keV (96%) Covalent

Iodine-123 13 h γ 159 keV (83%) Covalent

Iodine-124 4.2 d B + > 1500 keV (22%) Covalent

Iodine-131 8 d γ 364 keV (82%) β - 192 keV (90%) Covalent

Zirconium-89 3.3 d γ 908 keV (100%) β + 902 keV (23%) Chelate
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TABLE 3.

Comparison of prostate-specific antigen (PSA) and prostate-specific membrane antigen (PSMA) properties.

PSA PSMA

Secretory Protein Membrane Protein

Serine Protease Carboxypeptidase

Function: Liquefaction of semen Cleaves C-terminal protein glutamate residues

Serum cancer marker Expression correlated with cancer aggressiveness

Level falls with androgen blockage Upregulated with androgen blockage
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