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KEYWORDS Abstract The capacity to evade apoptosis has been defined as one of the hallmarks of cancer
Positron emission and, thus, effective anti-cancer therapy often induces apoptosis. A biomarker for imaging
tomography apoptosis could assist in monitoring the efficacy of a wide range of current and future
["*FICMT-11 therapeutics. Despite the potential, there are limited clinical examples of the use of positron
Caspase-3/7 emission tomography for imaging of apoptosis. ['SFJICMT-11 is a novel reagent designed
Apoptosis to non-invasively image caspase-3 activation and, hence, drug-induced apoptosis. Radiochem-
Annexin V istry development of ['*FJICMT-11 has been undertaken to improve specific radioactivity,
Cancer reduce content of stable impurities, reduce synthesis time and enable automation for

manufacture of multi-patient dose. Due to the promising mechanistic and safety profile of
['"®FIICMT-11, the radiotracer is transitioning to clinical development and has been selected
as a candidate radiotracer by the QulC-ConCePT consortium for further evaluation in pre-
clinical models and humans. A successful outcome will allow use of the radiotracer as qualified
method for evaluating the pharmaceutical industry’s next generation therapeutics.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Positron Emission Tomography (PET) is a sensitive

functional imaging modality that provides dynamic

—_— and quantitative measurement of the physiological char-
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Fomai o L acteristics of tumours occurring at the molecular and
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¢ On behalf of the QuIC-ConCePT consortium. See Appendix A for  cellular levels. The major current use of PET in the clin-
consortium participants. ical management of patients is the staging of cancer. The
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information is predominantly of value in assigning
appropriate treatment and sparing patients from radical
interventions such as surgery. PET can also be used to
monitor the response of tumours to treatment with che-
motherapy or radiotherapy. Information from scans
performed during treatment could be used to change
and adapt treatment regimens.' In addition to its rou-
tine clinical use, PET has particular strengths when used
as a tool to aid the development of new drugs. Clinical
trials of anticancer drugs currently follow a well-estab-
lished route including initial evaluation in late stage can-
cer patients of safety, tolerability and pharmacokinetic/
pharmacodynamic (phase 1), followed by single-arm or
randomised phase II trials in selected tumour types for
the evaluation of antitumour activity of compounds as
single agent or in combination, and finally phase III tri-
als for regulatory approval.? This process, however,
remains inefficient, slow and costly, in part because of
the low success rate of the compounds being evaluated
in the clinic.® In this context, PET has the potential to
be used to study the pharmacokinetics of drugs or as
an imaging biomarker — pre-treatment biomarker to
aid in selection of study participants or post-treatment
pharmacodynamic and early surrogate end-point.*°
PET is a non-invasive imaging modality that mea-
sures biological processes including, but not limited to,
blood flow, metabolism, cell surface receptor expression,
angiogenesis, proliferation and apoptosis. It involves the
administration of compounds of biological interest
(including metabolic enzyme substrates, receptor ligands
and small molecules) labelled with positron-emitting
radioisotopes (carbon-11 or fluorine-18) that are formu-
lated for intravenous injection. The flexibility of label-
ling virtually any molecule that targets a specific
biological process, and the ability to image the spatial
distribution of the labelled molecule over time, open
up many potential uses for PET in cancer. In this con-
text, signalling proteins and pathways that are associ-
ated with the hallmarks of cancer''"'? (essential
alterations that collectively define malignant growth)
are particularly attractive for the development of PET
radiotracers in oncology; many of the hallmarks are
based on the accelerated intermediary metabolism (such
as energy production, protein synthesis, and phospho-
lipids synthesis) needed to support tumour growth.
The gold standard PET radiotracer in oncology is the
clinically approved glucose analogue ['"*FIFDG (['*F]-
labelled 2-deoxy-glucose), the tissue uptake of which is
generally considered to be indicative of viable cell den-
sity. The role of ["*FJFDG PET in monitoring and pre-
dicting chemotherapy efficacy has been widely reported
over the last few years.'>!'* It is clear that, although
["®FJFDG is the mainstay PET radiotracer, it is not sui-
ted for all applications, and currently ['*FJFDG PET is
not as commonly used for response evaluation as it is for
detection and staging.'” ["®*F]JFDG has important limita-

tions, including the inability to detect small volume dis-
ease and less aggressive or less glycolytic tumours.
Energy metabolism is associated with tumour growth,
but also with a variety of other biological processes,
including inflammation and tissue repair in response to
damage. As cancer treatment becomes more targeted
and individualised to patients and tumour characteris-
tics, more specific PET radiopharmaceuticals will help
guide treatment selection by quantifying the therapeutic
target, identifying resistance factors and measuring early
response to therapy.'

The development of novel PET radiotracers is, by
extension, analogous to the drug development process
and therefore requires a similar amount of input in
resources, validation and final regulatory approval. It
encompasses various critical stages including chemis-
try/radiochemistry development, in vitro and in vivo
biological validation, preclinical assessment of biodistri-
bution, metabolism and specific tumour retention, toxi-
cology and dosimetry measurements, and application to
regulatory bodies prior to clinical assessment and vali-
dation.'®!'” The present review article describes the
development of the caspase-3/7-specific PET radiotracer
["®FIICMT-11, selected by the QuIC-ConCePT consor-
tium for evaluation as a non-invasive biomarker of
tumour apoptosis.

2. Imaging apoptosis with PET

Apoptosis is an essential process for eliminating
unwanted cells during embryonic development, growth,
differentiation and maintenance of tissue homeostasis.
Deregulation of apoptosis signalling pathways is, there-
fore, associated with various pathologies including auto-
immunity, neurodegeneration, cardiac ischaemia and
transplant rejection,'® and the capacity to evade apopto-
sis has been defined as one of the hallmarks of can-
cer.'"'2 Moreover, because effective anti-cancer
therapy, involving cytotoxic drugs, molecular targeted
drug and specific apoptosis-targeting drugs,'® often
requires induction of tumour cell death through apopto-
sis, monitoring of this process could provide important
predictive outcome information in the context of routine
patient management and early clinical trials.>**! We
envisage that a biomarker for apoptosis will assist in
monitoring the efficacy of a wide range of current and
future therapeutics.

Although defined for the first time on the basis of
morphological changes (plasma membrane blebbing,
cell shrinkage, chromatin condensation and formation
of apoptotic bodies), the apoptotic process is also char-
acterised by biochemical changes. Molecularly, apopto-
sis is activated via either the death receptors extrinsic
pathway or the mitochondria-directed intrinsic pathway
(induction phase), both of them leading to the execution
phase involving the activation of effector caspases which
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Table 1

Overview of PET radiotracers for apoptosis imaging.

Limitations

Characteristic and development stage

Radiotracers

Apoptotic biochemical features detected

Slow delivery to the site of interest, slow clearance from
tissues leading to high effective doses, lack of specificity

(can detect necrosis, inflammation and platelet

activation)

Annexin V is a 36 kDa protein that binds with high

["®F}annexin V>4

26

Phosphatidylserine translocation on the extracellular

affinity to phosphatidylserine head groups. In preclinical

surface of the plasma membrane

development (the SPECT counterpart, [*°TcJ-annexin-V

was evaluated in the clinical settings)

Lack of specificity (can detect necrosis, inflammation and

platelet activation)

The C2A domain of synaptotagmin I can target

[SFLC2A%

apoptotic cells by binding to exposed anionic
phospholipids. In preclinical development
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Further specificity evaluations to be made

Small molecules based on isatin sulfonamide moiety that

bind with a high affinity to activated caspase-3. In

preclinical development

BEF1-WC-11-89

BELWC-IV-328-3!

Potential efflux from the cells by multi-drug resistance

proteins

Voltage sensitive organic cations that accumulate in the
mitochondrial matrix. In preclinical development

BEICMT-117232
ISF]-BnTP34'35

[
[
[
[

Caspase-3 activation

Collapse of the mitochondrial membrane potential

Undefined target prompt to further specificity

evaluations

Small molecule (Aposense family) that detect apoptosis-
related complex of cellular alterations, with consequent

[18F1-ML-10%38

Membrane imprint (loss of plasma membrane potential,

acidification of the external plasma membrane leaflet
and cytosol, activation of the membrane

phospholipids scramblase system)

accumulation in cells. In phase I/II clinical development

cleave recognised substrates (e.g. DNA fragmentation
and key structural proteins) to break-up cells pro-
grammed to die vig this mechanism.”” Another major
biochemical feature of apoptosis involves the exposure
of phosphatidylserine on the external surface of the
plasma membrane, which allows phagocyte recognition
of dying cells. Based on various biochemical events that
characterise apoptosis, a number of positron emitting
radiotracers have been developed to non-invasively
detect this process, both in preclinical studies and in
humans (Table 1 and Fig. 1). The expected requirements
of a PET radiotracer for imaging apoptosis include high
selectivity and specificity for apoptotic cells, high in vivo
stability with rapid distribution and clearance from non-
target tissues, adequate dosimetry and safety, as well as
a rapid, robust and reproducible radiolabelling
procedure.?

3. Chemical development and radiolabelling of
['"|FIICMT-11

3.1. Rationale of caspase-3 as an imaging target of
apoptosis

In cancer, apoptosis is induced by a large variety of
stimuli including cytotoxics, mechanism-based thera-
peutics and radiotherapy. Although those stimuli trigger
different apoptotic signalling pathways, the molecular
events in the execution phase of apoptosis are largely
shared and involve the caspases, which constitute a fam-
ily of cysteine proteases that cleave their substrate after
specific tetrapeptide motifs. Within the caspase family,
the effector caspases (caspases-3, -6 and -7) orchestrate
the demolition phase of apoptosis that results in the con-
trolled dismantling of a range of key structures within
the cell and its subsequent disposal.> Moreover, one
of the most noticeable and specific features of apoptosis
is the degradation of the DNA into numerous frag-
ments, often down to multiples of 200 base pairs, driven
by the activation of caspase-3,” the central effector cas-
pase, which makes it an attractive biomarker of
apoptosis.

3.2. Chemical design and development of ICMT-11

["* FJICMT-11 was designed as a small molecule radi-
otracer with potential advantages including flexible
structural modifications, facile radiolabelling and
improved biodistribution and clearance profiles. The
['"|FIICMT-11 structural core is based on isatin sulfon-
amide, a chemical class known to have caspase inhibi-
tory activity. Lee and co-workers identified a number
of highly potent isatin sulfonamides as inhibitors of cas-
pase-3/7.4°‘41 The mechanism of action of this class of
compounds is believed to involve the formation of an
intracellular enzyme-inhibitor complex with caspase-3
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Fig. 1. Chemical structures of selected lead imaging agents being developed for PET assessment of apoptosis.
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Fig. 2. Schematic indicating the mechanism of action of isatin sulfonamides. Activated caspases contain a catalytic site comprised of a nucleophilic
cysteine and a histidine. Binding of the dicarbonyl functionality in the isatin sulphonamide to activated caspase-3 to form a thiohemiketal at C3

with the active cysteine constitutes the basis of its use in medical imaging.

through covalent binding to the enzyme active site. The
dicarbonyl functionality of isatins is essential to its
mechanism of action (Fig. 2). It binds to the cysteine res-
idue of the active site forming a thiohemiketal via the
electrophilic C-3 carbonyl of the isatin sulfonamide
and the nucleophilic cysteine thiol functionality.****
From the isatin 5-sulfonamide scaffold, a focused library
of compounds was screened for activated caspase-3
inhibitory affinity and ICMT-11 emerged as the lead
compound with subnanomolar affinity for activated cas-
pase-3 (0.5 nM) and reduced lipophilicity.***?

3.3. Radiochemistry development of ["*FJICMT-11

Originally the radiolabelling of ["*FJICMT-11 was
achieved by a facile ‘click chemistry’ approach using
an isatin sulphonamide alkyne precursor and 2-['*FIflu-
oroethylazide resulting in modest specific activity.** Fur-
ther validation and clinical translation of ['"*FJICMT-11
required a robust and reliable automated radiosynthesis
procedure. To this aim, an initial attempt was made to
improve the specific radioactivity using copper(I) stabil-
ising bathophenanthroline disulphonate (BPDS) as cat-
alyst together with acetal protection of the reactive
isatin C-3 carbonyl; this led to significant reduction in

the amount of alkyne precursor required (1/3 of original
protocol), shortened the reaction time (1/2 of original
protocol) and suppressed formation of stable by-prod-
uct.*  Finally an automated radiosynthesis of
["*FJICMT-11 was developed using a protected tosylate
precursor and displays high EOS yield in a shorter time
with very high specific activity (Fig. 3). The automated
procedure was developed and validated to clinically
acceptable standards.

4. Biological characterisation of ['*FJICMT-11 as a
caspase-3-specific radiotracer for the detection of
apoptosis

ICMT-11 has been shown to retain casapase-3 inhib-
itory activity and further experiments using cellular
models of anticancer drug induced-apoptosis have high-
lighted the binding of ['*FJICMT-11 in caspase-3 acti-
vated cells undergoing apoptosis.**** The initial in vivo
assessment of ['*FIICMT-11 in small animals indicated
favourable biodistribution of the radiotracer with rapid
clearance from the blood and no indication of defluori-
nation.*> Moreover, the preclinical assessment of
["®FJIICMT-11 showed increased tumour retention of
the radiotracer detected as early as 24 h post-treatment.
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Fig. 3. Radiochemistry development of ['"*FIICMT-11 undertaken to improve specific radioactivity, reduce content of stable impurities, reduce
synthesis time and enable automation for multi-patient dose synthesis. I. Initial click chemistry,>® II. modified click chemistry** and III. Direct
method.

PET cleaved TUNEL
caspase-3

Fig. 4. PET Imaging of chemotherapy induced apoptosis with ['*FJICMT-11. Comparison with cleaved caspase-3 immunohistochemistry (THC).
Left panel is a PET image of a 24 h cyclophosphamide (CPA)-treated mouse 60 min after injection of the radiotracer; arrowheads indicate the
tumour. Middle and right panels are vehicle and CPA-treated lymphoma tumours processed for IHC staining of cleaved caspase-3 and DNA
fragmentation (TUNEL), respectively.

Confirmatory studies indicated that ['*FJICMT-11 ['"|FIICMT-11 as a caspase-3 specific radiotracer to
tumour retention was associated with tumour apoptosis  image tumour apoptosis prompted its clinical
(Fig. 4).*>* The favourable biological validation of  development.



Table 2
Clinical imaging of apoptosis.

Disease group

Comments

Radiotracers Sample size
Annexin
Belhocine et al.*  ®™Tc-Annexin V n=15
Kemerink 9mTe HYNIC-
et al. 464 annexin V
Rottey et al.*’
Haas et al.*® 9mTe HYNIC- n=11
annexin V
Kartachova 9mTe.HYNIC- n=33
et al.¥? annexin V
Kartachova 9mTe.HYNIC- n=16
et al.> annexin V
Kartachova 9mTe.HYNIC-
et al.! annexin V
Hoebers et al.>2 99mTe . HYNIC- n=13
annexin V
Van de Wiele 9mTe-HYNIC-
et al.>? annexin V

Lymphoma lung cancer
Breast cancer

Healthy Volunteer (HV) study

Biodistribution study with
chemotherapy

Follicular

Lymphoma

Non small cell lung cancer (NSCLC)
Lymphoma

Leukaemia

Head & Neck Squamous cell carcinoma
(H&N SCC)

NSCLC

NSCLC
H&N SCC

H&N SCC

Increased Annexin uptake 24-48 h after chemotherapy

Increased uptake related to complete response/partial response (CR/PR)

No uptake related to stable or progressive disease (SD/PD)

Physiological uptake seen in salivary glands, liver, spleen, bone marrow, colon, kidneys &
bladder

Prevents imaging in abdomen

Accumulation seen in kidneys, liver, red marrow, spleen and less uptake in bowel

Annexin uptake in normal tissues (spleen, bone marrow, kidneys and liver) does not change
significantly with chemotherapy
Uptake increased after 4 Gy — correlated with clinical outcome and cytology

Increased uptake was associated with CR/PR after radiotherapy (RT)/chemotherapy
Suggested that annexin V may be used as a predictive marker for early treatment response

Increase in uptake post-treatment correlated with tumour response to platinum based CCT
SD was associated with unchanged or slight decrease in uptake
PD was associated with marked decrease in tumour uptake

Quantitative & visual assessment of post-treatment uptake correlated extremely well with
RECIST response with good intraobserver reproducibility and interobserver variability
No correlation between uptake and patient outcome. Baseline necrosis in tumours is a
confounding factor

Annexin uptake correlated with TUNEL assay of resected surgical specimens

Theseus Imaging corporation started ph IIIIII studies using ApomateTM (**"Te-HYNIC-annexin V) but unit closed due to lack of Good Manufacturing Practise (GMP) production

ML-10
Hoglund er al.*®  ["*F}-ML-10 n=238
Shirvan et al.* [“*F}-ML-10 n=10

HYV study
Brain metastasis

Favourable dosimetry, biodistribution, stability, and safety profile
ML-10 able to detect cell death induced by RT
Uptake increased on 10th day after start of RT

0FF—CEF (TI0Z) 8F 420un)y fo pumnop uvado.any [ v 12 uddn3N “q-'0
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Fig. 5. Requirements for translation of ['*FJICMT-11 into the clinic. Studies done to support first in man are highlighted (1/).

5. Requirements for the translation of ['*FJICMT-11 in
clinical settings

There is paucity of data for clinical use of PET in the
imaging of drug-induced apoptosis. Dosimetry and ini-
tial uptake studies of ['*F]-ML-10 following radiother-
apy have been reported recently (Table 2).*® Thus,
['8F]-ML-10 is the first in class PET imaging agent for
drug-induced apoptosis to enter clinical trials. In con-
trast, mechanistic studies of apoptosis with radiolabelled
annexin V using analogous single photon emission com-
puted tomography (SPECT) have been extensively
reported (Table 2). Other than the non-specific uptake
of ["*™Tc]-HYNIC-annexin V, these clinical studies pro-
vided important learning outcomes that should be noted
for future design of PET studies of apoptosis with pos-
itron emitting radiotracers. In general apoptosis follow-
ing a variety of therapeutics evolved as an early event
within 24-48 h that was associated with immunohisto-
chemical staining of DNA oligomers (TUNEL). It is
expected, for instance, that evolution of caspase-3 acti-
vation will occur earlier than phosphatidylserine trans-
location to the outer leaflet of cells — the molecular
target for radiolabelled annexin V; this outcome means
that one will require careful validation of the best time
for use of caspase-3 imaging agents. Regarding associa-
tion of [*™Tc]-annexin V uptake with clinical outcome,
there were mixed reports, with some studies indicating
association and others reporting lack of a correlation.
This aspect may be due in part to the timing of the apop-
tosis process and needs careful validation.

["®FJICMT-11 is transitioning into human studies.
Key studies performed to date are highlighted in
Fig. 5. Biological activity comprised of in vitro screen
with different caspase enzymes, in vitro uptake studies,

metabolic stability assays in vivo and in vitro, and
in vivo imaging studies.***** Rat dosimetry studies for
prediction of human effective dose were performed
according to the ICRP Publication-30.>> Rat toxicity
testing was performed in accordance to EMEA guidance:
CPMP/ICH/286/95 published July 2008 with a safety
window of 2000-fold the equivalent in humans. Notably,
the radiotracer demonstrated suitable rodent dosimetry
and safety profiles. Part of the success could be attrib-
uted to robust radiochemistry leading to low levels of
stable impurities. First in man studies of the radiotracer
are scheduled for early 2012 to precede further mechanis-
tic studies by the QulC-ConCePT consortium. The qual-
ification of ["*FJICMT-11 (developed by an academic
consortium member) by QulC-ConCePT consortium
(comprising of 12 European academics institutions and
8 major pharmaceutical companies) via an open-innova-
tion principle demonstrates how European academics
and industrial partners can collaborate to develop tools
for assessing the next generation therapeutics.

6. Conclusions

There are limited clinical examples of radiotracers for
use by PET. ["®FJICMT-11 is a novel reagent designed
to image caspase-3 activation and hence drug-induced
apoptosis. Due to the promising mechanistic and safety
profile of ['8FIICMT-11, the radiotracer is transitioning
to clinical development. ['*FJICMT-11 has been selected
as a candidate radiotracer by the QulC-ConCePT con-
sortium for further evaluation in preclinical models
and humans. A successful outcome will permit use of
this reagent as an ‘off-the-shelf” apoptosis radiotracer
for evaluation of the pharmaceutical industry’s next
generation therapeutics.
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Treatment of Cancer (EORTC), Cancer Research UK,
University of Manchester, Westfélische Wilhelms-Uni-
versitdt Miinster, Radboud University Nijmegen Medi-
cal Center, Institut National de la Santé et de la
Recherche Médical, Stichting Maastricht Radiation
Oncology ‘Maastro Clinic’, VUmc Amsterdam, King’s
College London, Universitair Ziekenhuis Antwerpen,
Institute of Cancer Research — Royal Cancer Hospital,
Erasmus Universitair Medisch Centrum Rotterdam,
Imperial College of Science Technology and Medicine,
Keosys S.A.S., Eidgendssische Technische Hochschule
Zirich, Amgen NV, Eli Lilly and Company Ltd.,
GlaxoSmithKline Research & Development Limited,
Merck KGa, Pfizer Limited, F.Hoffmann — La Roche
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