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1. Abstract

Lead-compound optimization is an iterative process in the cancer drug development pipeline,
in which small molecule inhibitors or biological compounds that are selected for their ability
to bind specific targets are synthesised, tested and optimised. This process can be accelerated
significantly using molecular imaging with nuclear medicine techniques, which aim to
monitor the biodistribution and pharmacokinetics of radiolabelled versions of compounds.
Positron emission tomography (PET) and single-photon emission computed tomography
(SPECT) can be used to quantify four-dimensional (temporal and spatial) clinically relevant
information, to demonstrate tumor uptake of, and monitor the response to treatment with
lead-compounds. This review discusses the pre-clinical and clinical value of the information
provided by nuclear medicine imaging compared to the histological analysis of biopsied
tissue samples. Also, the role of nuclear medicine imaging is discussed with regard to the
assessment of the treatment response, radiotracer biodistribution, tumor accumulation,
toxicity, and pharmacokinetic parameters, with mention of microdosing studies, pre-targeting

strategies, and pharmacokinetic modelling.
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2. Introduction

The birth of medical imaging is attributed to the German physicist Wilhelm Conrad Rdntgen,
who, in 1895 discovered ‘a new kind of ray’ and publically produced the very first
radiograph, featuring the hand of the prominent Swiss professor of anatomy Rudolf Albert
von Kaolliker [1]. Since the discovery of the X-ray (Rontgen used X to denote the unknown),
medical imaging has advanced such that it now encompasses the use of ionising and non-
ionising electromagnetic radiation, both visible and invisible, and radiowaves and
soundwaves. Medical imaging modalities include planar X-ray imaging, magnetic resonance
imaging (MRI), computed tomography (CT), optical techniques, ultrasound imaging, positron

emission tomography (PET), and single-photon emission computed tomography (SPECT).

Modern nuclear medicine imaging involves the four-dimensional detection (temporally and
spatially in three-dimensions) of molecular targets within an organ of interest or malignant
tissue. Major advances in the field of cancer research have been made using PET or SPECT
imaging, which have enabled the detection of a wide range of disease biomarkers. Both PET
and SPECT detect radioactive compounds administered to animals or human patients. PET
detects mono-energetic photons (511 keV) emitted in opposite directions resulting from the
annihilation of a positron emitted by such radioisotopes as 'C, *N, 0, BF, and #Zzr. In
contrast, SPECT imaging detects a spectrum of gamma photon emissions from such

radioisotopes as ®™MTc, 123, 31, and In,

Small-animal PET and SPECT imaging is an established paradigm for proof-of-principle
studies which demonstrate the pharmacokinetics of novel radiotracers, as well as the ability
of a radiotracer to detect disease biomarker expression in malignant tissue and monitor
therapeutic response. Thus, PET and SPECT are essential pre-clinical research tools for the
acceleration of the drug development pipeline [2]. In the pre-clinical setting and in the
oncology clinic, PET or SPECT are routinely co-registered with CT or MRI [3, 4].

This aim of this review is to discuss the pre-clinical and clinical value of the information
provided by nuclear medicine imaging compared to the histological analysis of biopsied
tissue samples. Also, the role of nuclear medicine imaging is discussed with regard to the

assessment of treatment response, radiotracer biodistribution, tumor accumulation, toxicity,



and pharmacokinetic parameters, with mention of microdosing studies, pre-targeting

strategies, and pharmacokinetic modelling.

3. The pre-clinical and clinical value of PET or SPECT imaging

Nuclear medicine imaging based on PET or SPECT aims to provide information of
diagnostic and prognostic value that can be used to predict the outcome of cancer treatment.
The features of PET and SPECT are summarized in Table 1. The main advantage of PET is
its high sensitivity (10°*1-10"*2 mol/l), while SPECT is more widely established and uses
radioisotopes that are relatively long-lived, inexpensive and generally more readily available.
In the clinic, PET and SPECT imaging can provide information about the location, volume
and heterogeneity of primary and secondary cancer sites, and therefore reduce the number of
inappropriate explorative or diagnostic surgical procedures that are performed during tumor

diagnosis, staging and management.

Nuclear medicine imaging studies rely on the production and availability of radiotracers that
target disease biomarkers or biological components. A wide range of radiotracers have been
developed that target growth factor receptors [5, 6], signaling components [7], markers of
apoptosis [8], proliferation markers [9], proteolytic enzymes [10], tumor neovasculature [11],
extracellular matrix proteins [10], and molecular antigens inside cells [12]. Biomarkers of
disease have become increasingly useful in the evaluation of clinical and translational cancer
research. The development of imaging biomarkers using radiotracers is therefore, aimed at

making significant improvements in the management of malignant disease.

Radiotracers that detect metabolic processes include *F-FDG (*®F-labelled deoxy-glucose)
and 8F-FLT (*8F-labelled deoxy-thymidine), which can be used to image glucose metabolism
and cell proliferation, respectively [13]. Several metabolic radiotracers serve as substrates for
amino acid transporters: these include ®F-FDOPA (‘®F-labelled L-DOPA), 8F-FET (**F-
labelled ethyl-tyrosine), 23I-IMT (*Zl-labelled a-methyl-tyrosine), !*C-MET (*'C-labelled
methionine), and ¥ F-FMT (*8F-labelled methyl-D-tyrosine) [14]. Apoptosis has been imaged
using radiolabelled derivatives of Annexin V, a naturally occurring ligand of
phosphatidylserine expressed on the outer leaflet of the surface membrane by apoptotic cells
[8]. Caspases, the proteolytic enzymes that cleave intracellular proteins and DNA during

apoptosis, have also been targeted with radiotracers to image apoptosis [15, 16].



Various strategies have been developed to image signalling networks implicated in
tumorigenesis, at different levels in the cell signalling cascades. Radiotracers have been
developed that target upstream signalling components such as EGFR, which is commonly
overexpressed in breast cancer [17]. Other radiotracers have been developed to target
receptors associated with signalling components that regulate angiogenesis, such as
VEGF/VEGFR [18], integrin avfs [19], Ephrin [20], c-Met [21] and PDGFR [22].
Downstream signaling components, such as hypoxia inducible factor-1 (HIF-1), have also
been targeted with radiotracers and imaged using PET [23]. Radiotracers that target
signalling components such as these may have clinical application in the stratification of

patients and the assessment of the treatment response [24, 25].

The hallmarks of cancer are acquired during oncogenesis through a multistep process that
involves the sequential acquisition of genetic mutations that cause the inappropriate
expression or activation of oncoproteins, or the loss of function of tumor suppressor proteins
[26]. These genetic and proteomic changes collaborate to drive cellular and physiological
changes associated with a malignant disease phenotype. F-FDG and 8F-FLT are excellent
examples of radiotracers that can be used to image the physiological phenotypes that arise as
the ultimate expression of the acquisition of the hallmarks of cancer, i.e. aberrant glucose
metabolism and unlimited replicative potential, respectively. Molecularly targeted
radiotracers can also be used to indirectly image the genetic changes that occur in the early
stages of tumor initiation and progression, which result in, e.g., the overexpression of
oncogenes [27], the stabilization of (inactive forms of) tumor suppressor proteins, or the
phosphorylation (activation) of DNA damage repair proteins [12, 28]. Molecular imaging can
also be used to measure the changes at the molecular level that result in the overexpression of
the oncoproteins or tumor suppressor proteins. Thus, nuclear medicine imaging can be used
to assess the response to molecularly targeted or chemotherapeutic agents that, directly or
indirectly, influence the molecular, cellular and physiological changes associated with

tumorigenesis [29].

Although PET and SPECT can only be used to measure molecular or metabolic processes
through the detection of radiotracers that are injected into small animals or human patients,
they do not provide detailed anatomical information. Thus, ®F-FDG-PET imaging can detect

glycolytic rate with high sensitivity, but the PET image suffers from poor spatial resolution.
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In oesophageal cancer, a threshold of 5 mm is routinely applied to *F-FDG avidity in a PET
image to identify malignant from benign lesions [30]. To overcome the limitations of poor
spatial resolution of, and lack of anatomical information that is provided by the detection of
radiotracers, PET or SPECT can be co-registered with CT or MRI. Routine CT or MRI co-
registration provides detailed anatomical information, which enhances the diagnostic and
prognostic value of the PET or SPECT images. Thus, PET and SPECT images fused with CT
or MRI images show disease biomarkers within the context of the detailed anatomy of the

whole body which enhances the diagnostic information obtained by fusion imaging [31].

Anatomically co-registered PET/CT images are more sensitive than CT or MRI at
differentiating malignant from benign lesions [3, 4]. In the clinic, whole body ®F-FDG-
PET/CT is an invaluable tool for the detection of metastatic lesions [32]. The recent
introduction of PET/MRI (MRI being the modality of choice for imaging soft tissue
structures) will also have a major role in the diagnosis, treatment planning and assessment of
brain tumors in the future, especially where the anatomy of the brain makes surgical biopsy
undesirable or impossible [33]. In comparison, SPECT/CT has been shown to differentiate
malignant from benign radiotracer distributions [34]. Thus, the additional anatomical
information provided by the CT component of PET/CT adds significant value to diagnostic

procedures and treatment planning [35].

4. Molecular imaging versus histological analysis

The effort to develop non-invasive molecular imaging using PET and SPECT has been driven
by the need for clinically relevant diagnostic and prognostic information. These techniques
can complement the information provided by histological analysis, which involves the
microscopic examination and subjective classification of chemical staining of tissue from a
limited number of consecutive biopsies of normal and malignant tissue. Histological analysis
can provide important information regarding the expression of a protein or subcellular

structure relating to disease, cell shapes and tissue distributions.

In contrast, molecular imaging can be used to measure the number of molecules in low
capacity systems, such as the number of receptors on the cell membranes of tumor cells. In
addition to molecular imaging, PET and SPECT metabolic imaging aims to measure

metabolic processes, such as glycolytic rate using ®F-FDG; while functional imaging
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measures blood flow, oxygen consumption and other functionalities. Medical imaging
approaches such as these provide information about the biodistribution of a systemically
injected radiotracer [36]. This offers an alternative to invasive sampling techniques, such as
fine-needle aspiration, core needle biopsy, vacuum-assisted biopsy or image guided biopsy,
that may interfere with the gross anatomy and fine structure of a tumor during the time-
course of a small-animal study or human trial. Medical imaging also does not suffer from
artefacts induced by improper fixation, poor dehydration, paraffin infiltration or poor
sectioning, which may occur even when sample preparation is performed by experienced

technicians or automated robotic systems.

Tumor heterogeneity and clonal evolution within malignant tissue can be assessed to a
limited extent through multi-region tissue sampling with whole genome sequencing [37].
This provides information about the different mutations that are present in hundreds of genes
in different regions of a primary tumor or at different sites of metastasis. In contrast, PET
imaging provides information about the total amount and heterogeneity of uptake of a
radiotracer within a region of interest in an organ or malignant site throughout the whole

animal or patient.

5. Monitoring the response to anti-cancer therapeutics

5.1. Imaging glycolytic rate with ®F-FDG

In the clinical setting, !8F-FDG is the most widely used radiotracer for PET imaging.
Assessment of glycolytic rate using ®F-FDG is an established technique in clinical practice
that is used routinely for tumor staging, the assessment of the response to therapy, and the
identification of recurrent disease in a wide range of malignancies, including lymphoma, non-
small-cell lung cancer, head and neck cancer, and colorectal cancer [29]. ®F-FDG is a
deoxyglucose analogue (2-deoxy-2-[*®F]fluoro-D-glucose) that has been used most
extensively in PET imaging to assess the effect of chemotherapeutic agents on glucose
metabolism [38-46]. Upregulated glucose transporters on tumor cells are responsible for the
translocation of 8F-FDG to the intracellular compartment, where ®F-FDG is phosphorylated
by hexokinase to form !8F-FDG-6-phosphate. Unlike glucose-6-phosphate, ®F-FDG-6-
phosphate does not progress further through the glycolytic pathway. Therefore, 8F-FDG-6-

phosphate rapidly accumulates inside metabolically active tumor cells, which commonly
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show increased glucose transporter expression, enhanced hexokinase activity, and modified

glucose metabolism (the Warburg effect) [47].

Chemotherapeutic agents such as nitrogen mustards and antifolate drugs were firstly used in
the 1940s [48]. Since, the range of chemotherapeutics that have been used in the clinic, has
expanded to include anti-metabolites (e.g. methotrexate, 5-fluorouracil, thiopurines), anti-
tumor antibiotics (e.g. doxycycline), platinum-based compounds (e.g. cisplatin), and vinca
alkaloids (e.g. vincristine) [49]. Chemotherapeutics act, in general, by inhibiting DNA
synthesis, protein synthesis or the action of the mitotic spindle, thereby reducing the
proliferative potential of replicating cells. Within a highly proliferative tumor cell population,
chemotherapeutics cause the total number of metabolically active tumor cells to shrink by
reducing the number of cells that survive successive rounds of cell division. As a
consequence, the total uptake of ®F-FDG in the tumor is reduced. The reduction in ®F-FDG
avidity in an ®F-FDG-PET image that accompanies reduced **F-FDG tumor uptake is a
quantifiable effect that can be used as a surrogate measure of the efficacy of, and tumor
response to chemotherapeutic treatments. Quantification with PET imaging utilizes the
standardized uptake value (SUV): the SUVmean is the radiotracer avidity per pixel expressed
as an average avidity over all the pixels included in the region of interest (ROI) of the tumor
or organ of interest, while the SUVmax Is the highest radiotracer avidity of any pixel within
the ROL.

Several studies have established a role for *®F-FDG-PET imaging in the pre-clinical setting as
a method for predicting the efficacy of chemotherapeutic agents for subsequent use in human
patients [38-46, 50]. For example, in a recent study by Jensen et al. mice bearing human
ovarian cancer xenografts (A2780) were treated with a combination of carboplatin (40 mg/kg
i.p.) and paclitaxel (10 mg/kg i.v.) [51]. Mice were treated on days 0 and 5 and the tumor
response to chemotherapy was monitored by *F-FDG-PET imaging on days 1, 4, and 8. On
day 4, the tumor xenografts in mice treated with the combination therapy had a significantly
lower SUVmax for 18F-FDG compared to a control population of untreated mice (105+4% and
138+9%, respectively; P=0.002).

In another study by Mudd et al., *®F-FDG-PET imaging was used to assess the response of a
murine model of human non-small cell lung cancer (Calu-6) to treatment with linifanib

(ABT-869), a small molecule inhibitor of the tyrosine kinase modules of the vascular
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endothelial growth factor receptor (VEGFR) and platelet derived growth factor receptor
(PDGFR) [46]. Linifanib (12.5 mg/kg) was administered orally twice a day for 7 days and
PET imaging was performed on days -1, 1, 3, and 7. Compared to a vehicle-treated group,
reduced 8F-FDG uptake was observed as early as 1 day after starting treatment with linifanib
(Fig. 1), and a significant reduction was observed in all subsequent PET scans. Thus, *F-
FDG-PET imaging is a sensitive method that can be used to show changes in glycolytic rate

in response to anti-cancer treatment with chemotherapeutic agents.

However, it needs to be noted that F-FDG imaging needs to be treated with care, as it is
often used unnecessarily, without regard to the mechanism of the therapeutic response. It is
important to match the specific biological mechanism of cancer drugs to an accompanying
imaging biomarker, and ®F-FDG imaging may not always be the most appropriate. A recent
study by Alvarez et al. highlighted this concern, when they concluded that it is the particular
oncogenic pathways(s) that become activated within each individual tumor that is the primary
determinant of glycolytic enzyme-mediated ®F-FDG uptake [52]. It, therefore, would
provide more clinically relevant information if future imaging studies were directed at
detecting the activation of the components of the oncogenic pathways upstream of ®F-FDG

uptake.

5.2. Imaging tumor delivery of anti-cancer antibodies

Antibody therapy for cancer has been established over the past two decades. A wide variety
of antibody constructs are potentially available for targeted anti-cancer treatment. These
include intact IgG (CD20, CD33, EGFR, HER2, VEGF), IgE and IgM (GM2), bispecific
antibodies (CD19-CD3, EPCAM-CD3, gpl00-CD3), protein-Fc (angiopoietin 1/2,
VEGFR1/2), minibodies (CEA, ERBB?2), affibodies (ERBB2), diabodies (TAG-72), and scFv
(CC49, ERBB2) [53]. Two important examples of anti-cancer antibodies include trastuzumab
(Herceptin) and bevacizumab (Avastin). Herceptin is a humanized, monoclonal IgGlk
antibody that is used to specifically inhibit the induction of growth signals by the growth
factor receptor HER2/neu, which is overexpressed by, and which confers a poorer outcome
for 25-30% of human breast cancers [54]. In contrast, Avastin is a VEGFA-specific,
humanized, monoclonal IgGlk antibody that is used as an anti-angiogenic therapeutic.
VEGFA is a member of the larger VEGF family, which includes pro- and anti-angiogenic

proteins. Tumor cells secrete VEGFA, which is an endothelial cell-specific mitogen, to
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promote angiogenesis [55]. In several studies, radiolabelled versions of these anti-cancer
antibodies have been used to image the biodistribution and tumor delivery of the non-
radiolabelled antibodies. The same principles may be applied to the ever increasing legion of
antibody drug conjugates [56].

5.2.1. Trastuzumab

Since original FDA approval of Herceptin for the treatment of late-stage HER2-positive
breast cancer, trastuzumab has been radiolabelled with %8Ga and 89Zr for PET imaging, and
Mn for SPECT imaging, to predict the tumor delivery of Herceptin to HER2-overexpressing
tumors [57-63]. A first-in-human clinical study using 8Zr-labelled trastuzumab-PET imaging
showed excellent radiotracer uptake in HER2-positive tumors [64]. In the pre-clinical setting,
PET imaging using 8Zr-labelled trastuzumab has been shown to detect down-regulation of
HER2 expression in response to treatment of a xenograft model of human gastric cancer with
afatinib, a small molecule inhibitor of EGFR and HER2 [65]. SPECT imaging of
trastuzumab-mediated HER2-downregulation has also been shown to be feasible, in murine
models of breast cancer, using an *'!In-labelled version of pertuzumab, an alternative anti-
HER2 antibody [66]. Radiolabelled HER2-binding affibodies have also been extensively
used for the quantification of drugs that influence HER2 expression, such as the HSP90
inhibitor 17-allylamino-geldanamycin [67].

However, the tumor uptake of *In-labelled trastuzumab was demonstrated by McLarty et al.
not to correlate with tumor expression of HER2 using SPECT imaging [68]. Correcting *!tIn-
labelled trastuzumab avidity for circulating radioactivity and tumor accumulation of
polyclonal 1gG (i.e. non-specific, passive antibody uptake due to the enhanced permeability
and retention effect [69], that was not dependent on tumor expression of HER2) was used to
show associations between In-labelled trastuzumab avidity and tumor expression of HER2.
Using this approach, McLarty et al. found a clear nonlinear association between In-labelled
trastuzumab avidity and tumor expression of HER2 for a number of mouse models of human
breast cancer (MDA-MB-231, BT-474et, BT-20, MDA-MB-361, and MCF7/HER2-18).
The same group also found that ®F-FDG-PET imaging was able to effectively predict the
efficacy of trastuzumab, by differentiating trastuzumab-responsive from -unresponsive

human breast cancer xenografts in athymic mice [70].
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Finally, SPECT imaging has also been used to predict the biodistribution and toxicity profile
of trastuzumab. In a study by Behr et al., seven of 20 patients treated with a regimen of
trastuzumab were found using SPECT imaging to have myocardial uptake of !In-labelled
trastuzumab. Six of these patients developed functional class -1V heart failure (as classified
by the New York Heart Association guidelines) after treatment with trastuzumab, and the
seventh patient had episodes of cardiac arrhythmia during trastuzumab administration. In the
13 patients without myocardial uptake of '!!In-labelled trastuzumab, no adverse cardiac
effects occurred [71]. These results, however, were not confirmed by the complementary
study of Perik et al. [72]. We direct the reader to recent reviews by Milano et al. and de
Geus-Oei et al., which discuss in detail the molecular mechanisms involved and the use of
several nuclear medicine imaging agents to monitor cancer treatment-induced cardiac toxicity
[73, 74].

5.2.2. Bevacizumab

In the clinic, the antibody bevacizumab can be used as a therapeutic agent with the aim of
reducing blood supply and neoangiogenesis in tumors and metastases [75, 76]. Radiolabelled
versions of bevacizumab or its antibody fragments have been reported, which included the
use of radioisotopes for PET imaging, 21 [77], ®*Cu [78], and 8Zr [79]; and, for SPECT
imaging, **™Tc [80] and *In [81]. Radiolabelled versions of bevacizumab have also been
used to monitor the tumor response to anti-cancer therapeutics designed to inhibit
angiogenesis. Desar et al. used ''!In-labelled bevacizumab-SPECT imaging to monitor the
effects of a 4-week regimen of sorafenib (Nexavar), and showed a marked reduction in tumor
uptake of In-labelled bevacizumab [82].

As was the case for radiolabelled trastuzumab, tumor uptake of radiolabelled bevacizumab
did not, however, directly correlate with VEGF levels in tumor microenvironment [83-85].
These studies are an important reminder for the requirement of the validation of molecular
imaging agents that are designed to molecularly target disease biomarkers. Although the
reduced uptake of bevacizumab has been shown to be useful as a diagnostic agent for the
monitoring of the tumor response to sorafenib treatment, this result must be treated with a
degree of caution when inferring that sorafenib treatment has caused a reduction in VEGF
expression in the tumor. Nevertheless, Heskamp et al. reported that SPECT/CT imaging

revealed that bevacizumab treatment significantly reduced tumor uptake (-40%) of lIn-
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labelled cetuximab, an anti-EGFR antibody [86]. In contrast, antiangiogenic treatment with
bevacizumab has not been found to alter the uptake of radiolabelled RGD-peptide dimers,
which can be used to image integrin oavfe €xpression on tumour neovasculature [87]. This
latest study again highlights the need for correct validation of combinations of cancer drugs

and companion imaging biomarkers.

6. Microdosing studies using radiolabelled small molecules

Radiolabelled versions of small molecule drugs can provide information on in vivo
characteristics for their non-radiolabelled counterparts and therefore accelerate the drug
discovery process. In a seminal PET imaging study, an ‘8F-labelled version of altanserin,
which binds to the 5-HT2A receptor (serotonin receptor), was used with PET imaging to
monitor the loss with age of 5-HT2A receptors in the human brain [88]. Neuroimaging
studies such as this paved the way for modern radiolabelled small molecule imaging, which
can assess metabolite formation, pharmacokinetics, pharmacodynamics, receptor occupancy
rate, affinity, and bioavailability of small molecules.

There is high potential for the advancement of radiolabelling in the pharmaceutical industry
to drive nuclear imaging of anti-cancer small molecules forward, especially since 3H- and
14C-labelling of small molecules is commonplace. To reduce the proportion of small
molecules failing to progress through Phase 1 or 11 clinical trials — now estimated to be 40% —
the concept of microdosing studies has been introduced to highlight small molecules with
inappropriate or unsafe pharmacokinetic and metabolic characteristics [89]. Thus,
microdosing studies can accelerate the drug development process and enhance the safety of
human clinical trials [90], by providing information on the pharmacokinetics,
pharmacodynamics, biodistribution, and tumor uptake, at an earlier stage than testing

pharmacological doses in Phase | or 1l clinical trials.

In a microdosing imaging study, a sub-pharmacological dose (1/100th of the lowest dose
established in pre-clinical studies to produce a pharmacological effect) is detected using PET
or SPECT. Even at these very low doses (in the low microgram range) the biodistribution is
readily detectable in vivo, due to the high sensitivity of the instrumentation (PET in
particular). After administration of a radiolabelled small molecule, real-time biodistribution

data are collected to determine the rate and extent of drug absorption, the residence time in
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target and normal organs, as well as routes and rates of drug clearance [91]. Thus, it is
possible to predict the pharmacokinetic behaviour of pharmacological doses of small

molecules.

11C-labelled docetaxel is an excellent example of microdosing principles (review in Van der
Veldt et al. [92]). Van Tilburg et al. radiolabel the taxane docetaxel with positron-emitting
radionuclide C by replacing one of the stable carbon atoms. Only 30 pg of 'C-labelled
docetaxel was required for PET imaging, a dose that was 50-fold lower than that required for
therapeutic effect (Fig. 2). Microdosimetric imaging was possible, in part, due to the high
sensitivity of PET imaging and, in part, due to the relatively high specific activity of *C that
was incorporated into docetaxel. Microdosing imaging studies in rats showed that !C-
labelled docetaxel was cleared from blood and plasma within less than five minutes. Highest
11C-docetaxel uptake was found in spleen, followed by urine, lung and liver, whereas brain
and testes showed the lowest uptake [92]. A subsequent microdosing imaging study in
humans similarly found rapid clearance from plasma; no radiolabeled metabolites were
detected [93]. Consequently, quantification of 'C-docetaxel pharmacokinetics with PET

imaging was reproducible in human patients with lung tumors [93, 94].

7. Novel pretargeting approaches in molecular imaging

Pretargeting is a multi-step approach to molecular imaging that aims to reduce radiation
exposure in normal tissue and enhance the tumor-to-normal tissue ratio. The technique has
recently proven useful to image the drug delivery of a PARP inhibitor to tumor tissue. First,
an unlabelled, tumor antigen-specific pretargeting molecule (i.e. an antibody) is administered
that localizes within tumor tissue. Second, a relatively small, radiolabelled compound that
binds to the pretargeting molecule is administered which rapidly accumulates in the tumor
but is cleared from normal tissue within one hour [95]. The radiolabelled compound is
administered following a predetermined lag period to allow the pretargeting molecule
sufficient time to accumulate in tumor tissue and to be cleared from the circulation and
normal tissue [96]. In the clinic, one such pretargeting approach utilises a chemically
conjugated F(ab’)> comprising an anti-carcinoembryonic antigen (CEA) Fab’ and an anti-
EOTUBE Fab’, that can be administered four days prior to SPECT imaging with an In-
labelled hydroxyethylthiourido-derivative of benzyl EDTA (**In-EOTUBE) [97, 98].
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Recently, the Weissleder group developed a multi-step radiolabelling process based on a
trans-cyclooctene (TCO)/tetrazine reaction, which might have future applications in
pretargeting strategies. Advantages of TCO/tetrazine reaction-based pretargeting approach
include, fast reaction times (6,000 M s1), high selectivity, and the biocompatibility of the
reaction conditions. First, a PARP1 inhibitor, AZD2281 (Olaparib), which has nanomolar
affinity, was tetrazine-modified. Second, TCO was ‘8F-labelled away from the cyclooctenyl
ring to avoid isomerization to bicyclo[3.3.0]octenes. Third, tetrazine-modified AZD2281 was
radiolabelled via bioorthogonal click chemistry with ®F-TCO [99]. This approach produced
significantly higher yields of *8F-labelled AZD2281 and in a shorter time compared to the de
novo synthesis of ¥ F-AZD2281 by substituting *8F for the aryl fluorine atom.

The feasibility of the TCO/tetrazine system for pretargeting strategies was validated in vitro
using TCO-modified AZD2281 and fluorophore (Texas Red)-labelled tetrazine. In MDA-
MB-436 cells, TCO-AZD2281 assembled with Texas Red-tetrazine and was shown to
colocalize with immunochemically stained PARP1 in the nucleus (Fig. 3) [100].
Subsequently, 8F-TCO-tetrazine-AZD2281 was used to measure the level of expression of
PARPL1 in four different human ovarian and pancreatic tumor models (SKOV3, MIA PaCa-2,
PANC-1 and A2780). The SUVmax obtained by PET imaging of each of the four tumor types
correlated with data for the expression of PARP1 that was obtained by Western blot analysis
of cell lysates, although it should be noted that the complete ®F-TCO-tetrazine-AZD2281
radiotracer was administered after the TCO/tetrazine reaction had taken place [101]. The next
step will be to demonstrate that ®F-TCO can be used in a pretargeting approach and react
with tetrazine-AZD2281 in vivo.

8. Pharmacokinetic imaging to model physiological parameters of malignant disease

Nuclear medicine imaging to quantify pharmacokinetic parameters can be used to model the
pharmacokinetics of a disease model or human patient. This approach, though relevant to the
field of oncology, is less well documented compared to neurology, however. Nevertheless,
Ti-weighted MRI has been used to measure such parameters as intratumoral transfer
constants, rate constants, and volumes for extracellular space [102]. Although the
quantification of such parameters has rarely been reported in PET and SPECT imaging, such
radiotracers as 8F-FDG, 8F-FMISO and ®F-FDOPA have been used [103-105].
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The compartmental model that was developed as a framework to permit the quantification of
pharmacokinetic differences between different (patho)physiological compartments [106], has
been used extensively in PET imaging to quantify blood flow using *°*O-labelled water [107],
cerebral glycolytic rate using 8F-FDG [108], cerebral metabolism of radioligands using *8F-
FDOPA [109], and cerebral oxygen utilization using *0-CO, *0-CO,, and *°0-0, [110].
These methods have not been adopted as standard practice in the clinic, however, probably
because of the need for lengthy kinetic scans rather than time-efficient static scans. Even in
preclinical studies, the use of pharmacokinetic modelling methods in oncology has not been

anywhere near as widespread as in neuroscience.

Despite the slow uptake of pharmacokinetic modelling in the oncology community, kinetic
imaging has great potential to provide relevant information regarding the pharmacologic
activity of cancer drugs. The potential for clinical application of kinetic imaging in respect to
small molecules is greatest, due to their relatively short biological half-lives which would
necessitate short acquisition times to continuously acquire images that show dynamic
changes in their biodistribution. Nevertheless, Gleisner et al. used parametric imaging based
on planar scintillation-camera images to analyse the spatial and temporal distributions of
Mn-labelled monoclonal antibodies [111], which have much longer biological half-lives
compared to small molecules. Parametric imaging can be used to identify anatomical regions
with different pharmacokinetics compared to surrounding normal tissue and thus provides a
tool to detect and locate sites of pathophysiological kinetic behaviour that is characteristic of

malignant disease.

To improve clinical practice, further studies will be needed to explore the potential of kinetic
scans using such radiotracers as ®F-FDG or ¥F-FMISO [112, 113]. *¥F-FMISO has proven
application in PET imaging to quantify the levels of tumor hypoxia, though in pancreatic
cancer the median SUVmax has been reported to be relatively low (2.23) and tumor-to-blood
contrast was also relatively poor (1.0-1.5:1) [114]. Nevertheless, Wang et al. have used
kinetic ®F-FMISO-PET imaging to model the levels of chronic and acute hypoxia in 14
patients with head and neck cancers, while Kelly et al. developed this process further to
estimate the true intratumoral oxygen level [115-117]. Thus, imaging hypoxia is becoming
increasingly important as a biomarker that can be studied to show the temporal effects of

anti-cancer drugs on tumor neovasculature [118-120].
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9. Future Perspectives

Nuclear imaging using PET and SPECT offers clear and significant advantages over other
diagnostics techniques, and can offer a wide range of clinically relevant information
regarding the treatment response, radiotracer biodistribution, tumor accumulation, toxicity,
and pharmacokinetic parameters [92]. However, numerous challenges still need to be
overcome to make nuclear medicine imaging even more useful. The expensive research
infrastructure, in particular, makes radiopharmacy a significant logistical challenge. For
example, a cyclotron is required for the production of positron emitters, GMP facilities for
manufacture of radiotracers, PET/CT and SPECT/CT scanners for image acquisition, an on-
site blood sampler and laboratory for analytical testing, and dedicated computing facilities for
analysing image data. In addition, these facilities need to be staffed by a highly trained
multidisciplinary team that might include a cyclotron operator, radiochemists,
radiopharmacists, an imaging technologist, a nuclear medicine physician, and a physicist. In
this regard, infrastructure funding is critical to ensure that these specialist personnel are
working within close proximity, to enable to use of short half-life positron emitting

radionuclides [92].

Biomarkers feature in the FDA’s Critical Path Opportunities List due to their potential to
accelerate the translational development and clinical approval of medical products
(http://www.fda.gov/oc/initiatives/criticalpath/ reports/opp_list. pdf). The Molecular Imaging
and Contrast Agent Database administered by the National Center for Biotechnology
Information (NCBI) contains a list of 1,444 radiotracers that are available for the detection of
a large number of disease biomarkers. Therefore, a wide range of radiotracers for PET and
SPECT molecular imaging can be used to accelerate the translational development of anti-
cancer drugs by non-invasively measuring their biological and therapeutic effects through the
detection of disease biomarkers. However, with so many radiotracers to choose from, the
most important consideration in PET and SPECT molecular imaging must be the selection of
the correct radiotracer that measures the most relevant biomarker and provides a valuable
surrogate for the robust determination of the delivery, therapeutic efficacy and off-target

toxicity of anti-cancer drugs.
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Table 1: Features of SPECT and PET

PET

SPECT

Uses positron emitting radionuclides with
short half-life isotopes such as carbon-11,

oxygen-15 or fluorine-18

Uses the direct gamma radiations emitted by
long half-life isotopes such as technetium-
99m or iodine-123

High sensitivity (10-10"2 mol/l) and

limited spatial resolution (5—10 mm)

Good sensitivity (101°-10* mol/l) and

limited spatial resolution (7—15 mm)

Production of radioisotopes is expensive and
requires the proximity of a cyclotron

Well established, widely used, cheaper than
PET

Molecular imaging of single targets such as

receptors, enzymes or proteins

Simultaneously image several radiotracers

(differentiated by their energy)

Biodistribution of radiotracers depends on the blood-brain barrier, trapping of enzyme

substrates, cell surface internalization, protein binding and metabolism

Adapted from [121]

26




Figure 1: Figure 1: Monitoring the tumor response to linifanib with ®F-FDG-PET
imaging. (A) Percentage baseline of the SUV for PET imaging taken at days -1, 1, 3, and 7
showing 8F-FDG uptake in a murine model of human non-small cell lung cancer (Calu-6)
treated with vehicle or linifanib (B) PET images at days -1 and 7 showing 8F-FDG uptake in
a murine model of human non-small cell lung cancer (Calu-6) treated with vehicle or

linifanib. Reproduced from [46]
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Figure 2: A microdosing to show the biodistribution of 'C-docetaxel in rats. (A) PET

image showing the biodistribution of [**C]docetaxel in a rat. (B) Standardized uptake values

of [*!C]docetaxel in organs as obtained from dissection studies. Adapted from [92]
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Figure 3: In vitro and in vivo validation of a pre-targeting approach based on
biorthogonally-labelled AZD2281 (Olaparib). (A) TCO-AZD2281 reacted with Texas Red-
Tetrazine and colocalized with (B) anti-PARP1 monoclonal antibody staining. Scale Bar: 20
um. Representative PET-CT images of A2780 tumors (high PARP levels) using ¥F-BO (C)
before and (D) after treatment with AZD2281. Adapted from [100, 101]
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