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Abstract

Matrix metalloproteinases (MMPs) have been identified as biomarkers for cancer,
offering prognostic potential. However, they lack non-invasive detection. This thesis
highlights the work carried out on the design, synthesis and development of '°F MRI

probes for the molecular imaging of MMP activity.

The design of these MMP-activated imaging agents was based on the paramagnetic
effects of gadolinium(IIl) on the NMR/MRI signal of a CF3; group in close proximity
to the metal cation. 1% generation probes were prepared, incorporating MMP-2
selective peptide substrates SPAYYTA or SLAYYTA as a linker between
gadolinium(Il)-DOTA and Asp[(trifluoromethoxy)benzylamide]-OH. Attempts to
monitor MMP-2 mediated peptide hydrolysis via HPLC and fluorescent assays proved
problematic. The use of ®*Ga and its complexation to DOTA provided a highly
sensitive assay for the assessment of the peptide compounds. Using this method, assay
conditions were optimised to observe on average 20% peptide cleavage over 2 hours
with MMP-2, with selectivity observed against MMP-9 and MMP-14. The original
gadolinium analogues of these compounds were then analysed by "F NMR
spectroscopy, successfully demonstrating a change in signal upon incubation with

MMP-2.

Development of the probes was then carried out to improve their clinical potential.
Two pathways were explored; increasing compound reactivity through the introduction
of spacer groups and increasing PF sensitivity via increased local concentrations of
fluorine, carried out utilising activated cell penetrating peptides (ACPPs). The latter

method proved more successful, displaying similar reactivity and selectivity to 1%



generation compounds. These ACPP probes are still in the early stages of

development, with scope for future investigation.

The transferability of 1% generation MMP-2-activated probes was also investigated via
the production of a compound of analogous design, incorporating an MMP-14
selective substrate RIGFLR. Testing and development revealed this compound
required incorporation of a two amino acid spacer group (SG) in order to demonstrate

partial MMP-14 selectivity.
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Chapter 1

Introduction

1.1 Cancer

Cancer research UK states that in the UK alone around 325,000 people were diagnosed
with cancer in 2010 and worldwide 7.6 million people died from the disease in 2008."
? Undoubtedly improvements have been made year on year to increase survival rates,
but in order to ‘fight” a disease such as cancer greater understanding of the processes
by which a cell becomes cancerous and spreads throughout the body is necessary. Such
investigation could not only deliver valuable information when looking for new
treatments for the disease but could also be utilised for early cancer detection and

diagnostics to improve patient treatment.

Cancer is a disease which centres on mutations of the genome and is characterised by
uncontrolled growth and spread of abnormal cells leading to fatality.> * If we look in
more detail we discover ‘cancer’ is in fact an umbrella term used to describe not one
disease but many diseases, generating difficulties in understanding and treatment. Over
the last few decades extensive research has revealed cumulative layers of complexity
to the disease and in order to simplify such a diverse subject it is important to
understand its underlying principles; these can be described by a series of markers. Six
of hallmarks of cancer were originally highlighted by Hanahan and Weinberg in 2000;
evading apoptosis, self-sufficiency in growth signals, insensitivity to anti-growth
signals, tissue invasion and metastasis, limitless replicative potential and sustained

. . 4
angiogenesis.™
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Sustain liferative

Resisting
cell death

Enabling r
immo

Figure 1- The six original hallmarks of cancer describing cellular changes which lead to malignant

growth. Figure taken from Hanahan and Weinberg’s original paper ‘The Hallmarks of Cancer’.>*
A further 4 markers were later added to this list in 2011; avoiding immune destruction,

tumour promoting inflammation, genome instability and mutation and deregulating

cellular energetics.

Emerging Hallmarks

ing cellular Avoiding immune
destruction

Tumor-promating
Inflammation

Enabling Characteristics

Figure 2- This picture describes four categories that were later added to the original six hallmarks of
cancer. These were categorised in to two which were emerging hallmarks and two which are enabling
characteristics necessary for the development of the original six hallmarks. Figure taken from Hanahan

and Weinberg ‘Hallmarks of Cancer: The next generation’.**
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These hallmarks of cancer are widely accepted to apply to numerous different types of
cancer cell, and understanding these hallmarks provides good foundation for research

into the disease.

Of the hallmarks originally identified by Hanahan and Weinberg in 2000, the acquired
ability for tumour invasion and metastasis was highlighted as “the last great frontier of
exploratory cancer research”.” Within this hallmark one of the key areas of discussion
was matrix degrading proteases. The major group of these proteases, called Matrix
metalloproteinases (MMPs) have been found to be involved not only in invasion and
metastasis, but also disease pathways such as angiogenesis.’” Additionally, these
enzymes have also been implicated in a number of other processes tied to different
hallmark capabilities.® As such MMPs have been described as promising biomarkers
for cancer and research has been carried out scrutinising their roles and their potential
use within cancer treatment. Understanding these valuable biomarkers within cancer
enables us to further our knowledge of the disease and the hallmarks the action of
these biomarkers falls within. The use of techniques such as molecular imaging to
investigate important biomarkers and processes within cancer has the potential to
provide greater understanding of the disease via non-invasive methods. Additionally,
this could produce a system of early tumour detection with diagnostic properties which

could improve patient monitoring and treatment.®

1.2 Matrix Metalloproteinases

MMPs are a set of zinc dependent endopeptidases that are widely acknowledged to
collectively have the capability of degrading all components of the extracellular matrix

and basement membranes. Breakdown of the extracellular matrix (ECM) is crucial for
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the body’s normal function for processes such as embryonic development,
morphogenesis, reproduction, and tissue remodelling and resorption.” * More recently
new functions of MMPs have been uncovered extending beyond simple degradative

enzymes, for example in regulation of signalling molecules.” "

1.2.1 Structure and activity - classes of MMP

The MMP family is comprised of around 24 distinct gene encoding members with
related structures. Basic MMP domain structure consists of a signal peptide which
directs cell secretion and a conserved catalytic domain which contains a zinc binding
motif.'"" ' The catalytic domain also incorporates a pro-peptide which coordinates to

the catalytic site maintaining latency until activation.

While all members of the MMP family contain similar primary, secondary and tertiary
structures likely relating to a common ancestor, evolution and distinction of each
individual member has resulted in structural and functional diversity.'> Different
MMPs maintain different roles within the body, for example collagenases are
responsible for initial cleavage of the tough triple helical fibres in collagens, whose
degradation products can then be further divided up by gelatinases.'® Structural
differences (i.e. the inclusion of differing domains and modules) accommodate this
substrate specificity and define the various functions of MMPs. MMPs can be
organised into subgroups based on their structural design as shown below in Figure

3]0
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Figure 3- Schematic description of Human MMPs structure and their structural classification based on
domain organisation. Figure taken from Folgueras et al.'’
MMPs in the Matrilysins subgroup are made up from the minimal domain structure as
previously described, with MMP-7 being the smallest in size.” Collegenases and
Stromelysins as well as a number of other secreted MMPs follow an archetypal
structural design, which is made up of the signal peptide and catalytic domain present
in the minimal design, along with a C-terminal hemoplexin domain which plays a role
in substrate specificity and interactions with endogenous inhibitors.'” '* Gelatinases
structure is closely related to that of the archetypal MMP group though with addition

10, 12

of a fibronectin domain which provides a collagen binding domain. There is also a

subgroup of furin-activateable MMPs which contain basic residues in-between the
catalytic domain and pro-peptide which may be cleaved by furin like serine proteases

allowing activation of the catalytic site, these include some MMPs which are not

10, 12
d. ™

secreted but membrane boun Membrane bound MMPs are localised on the cell

5
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surface and contain an additional 20 amino acid transmembrane domain and a small
cytoplasmic domain. It is important to remember that structural variances between
MMPs occurs not only through the presence of certain domains and modules as
described schematically in Figure 3, but also at a finer level of structural organisation

with differences in the amino acid motifs within these.'?

Substrate specificity of different MMPs can occur through a number of structural
elements, most widely recognised is the binding of the substrate to the active site cleft
and the specificity induced by subsite pockets that define the active site.'> '* These
subsites differ between MMPs to accommodate different peptide substrate backbones.
Often highlighted as most important of these subsite interactions and described as a
key molecular determinant of substrate specificity is the S, specificity pocket.'* '
This relates to the interaction of the side chain of the amino acid residue immediately
after the scissile bond (P;-). However, recently other subsite interactions along both the
primed and unprimed sides of the active site have been found to be important and
impart selectivity between potential substrates.””® In addition to the active site, other
important interactions at exosites (on discrete substrate binding domains or functional
modules) have been found to contribute to substrate binding and specificity.'> These
additional interactions utilised by macromolecular substrates are located away from

and not influenced by primary specificity subsites, they can be involved in tethering

the enzyme and substrate or can help to prepare substrates for enzymatic reaction.

Proteolysis of substrates via MMPs occur catalytically at a Zn>" ion which is
coordinated by three histidine residues in the common binding motif HExxHxxGxxH

. . . 12, 14
in the active site.® '*

The accepted mechanism of catalytic activity (analogous to
bacterial thermolysin collagenase) is via polarised catalytic water bound to zinc and

stabilised by a glutamic acid residue. Upon coordination, the water molecule becomes
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a better nucleophile and reacts on the carbonyl of the substrates scissile bond forming a
tetrahedral intermediate; proton transfer results in the cleavage of the substrate which
is then released from the catalytic site.'> '*?! A schematic of the catalytic cycle is
shown in Figure 4; this example incorporates second associated water into the

mechanism which has been observed in a number of X-ray crystallographic studies.”!

1. Free enzyme " 2. Michaelis Complex
|
N
""\(”:/ N "
|
o o /W=Q )
Gluz02 [0 H-O G202 [G o, neN
Ot H \ b Bno
N \_/ T
H
] @ ; is°‘°@”ﬂis
303 uis 211 201 His 211
205 Peptide Docking 205

0:c/fI
o]
0
Carboxylate Product Release o
& Water Molecule Uptake Nucleophilic Water Attack
H.0
v
o
0-+-H—N—~
Glu202
Glu202 [o° s uz 1o |
o 9==C H—Q—C—~
1°l Amine Product Release 1 le

o0 ----H=0

His® | “His His™ | “His

201 His 211 201 His 211
205 205

® 3. Tetrahedral Intermediate

4. Enzyme-Carboxylate Complex

Figure 4- Catalytic cycle of substrate hydrolysis by MMPs; reaction occurs around the catalytic Zn*"
ion, a bound water molecule act as a nucleophile attacking the carbonyl of the substrates scissile bond
forming a tetrahedral intermediate, subsequent proton transfer results in substrate cleavage and products

are released from the catalytic site. Figure taken from Pelmenschikov and Siegbahn.?'

1.2.2 Relevance to disease

The activity of MMPs within the body is generally under tight control. These

proteinases are only expressed in small amounts in vivo and their transcription is
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regulated by cytokines, hormones, growth factors and cellular transformation."> The
overexpression of MMPs has been associated with a variety of diseases including
inflammatory diseases like rheumatoid arthritis and osteoarthritis, cardiovascular
diseases such as atherosclerosis, and significantly cancer. The contribution of MMPs
within cancer has been confirmed with transgenic and knockout mice models where
the absence of certain MMPs resulted in a decrease in the growth of tumours and the
spread of the disease.” ** Examples include studies on MMP-2 null mice which
demonstrated around a 50% decrease in angiogenesis induction, melanoma growth and
lung carcinoma metastasis; as well as investigations into MMP-9 deficient mice which

. . ] 2
showed reduced formation of melanoma metastasis.'> >

Due to the ability of MMPs to breakdown virtually all ECM components their
importance in facilitating the spread of the disease has long been acknowledged.™ " **
** Degradation of the ECM allows for tumour cell invasion of surrounding tissues
which is important in processes such as tumour growth, angiogenesis and metastasis.
Angiogenesis 1s an important process for tumour progression; it describes the
formation of new blood vessels from pre-existing ones and is imperative for tumour
growth, whilst metastasis describes the ability of the cancer cells to break away from
the initial tumour site and go on to form secondary tumours resulting in an increase in
patient mortality. It is therefore unsurprising that high levels of MMPs have been

detected in malignant tissues and the serum of patients in the later stages of the

. 1
disease.> 1?

More recently studies into MMPs have revealed that their function in cancer is not
solely breaking down the ECM; their over expression is thought to be important for the

activation of growth factors, the suppression of cell apoptosis as well as destruction of

5, 10, 22

the chemokine gradients developed by host immune response. Figure 5 taken
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from a review by Roy et al pictorially demonstrates the 4 main roles MMPs have in
cancer.” This includes the breakdown or proteolysis of the ECM which has been
described above, but also highlights the importance of three other areas: the liberation
of angiogenic factors, the regulation of cell adhesion and migration, and the processing

of growth factors and cytokines.

Proteolysis of ECM Liberation of angiogenic factors

Regulation of cell adhesion and migration  Processing of growth factors and cytokines

Membrane-
associated
ligand

@ @
Integrins E\Af - G

= Latent growth factors

Receptor

Figure 5 — The various roles of MMPs have been found to play in cancer progression (clockwise);
breakdown of the ECM facilitating angiogenesis and metastasis, cleavage of ECM substrates to release
various angiogenic factors, shedding of growth factors from the cell surface and the modulation of
tumour and stromal cell interaction via processes such as the cleavage of E-cadherin. Figure taken from
Roy et al.’

Angiogenesis as described above is an important process for tumour progression; as
shown in Figure 5 MMPs are involved in angiogenesis, not only through the

breakdown of the ECM necessary for remodelling of tissue during angiogenesis, but it

has been established that they also liberate angiogenic factors. MMPs are known to
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release the proangiogenic vascular endothelial growth factor (VEGF) via proteolytic
release from bound inhibitory complexes such as the MMP-2 cleavage of HARP
(Herparin affin regulatory peptide).22 In addition to this MMPs have been implicated in
a process known as the angiogenic switch. The angiogenic switch describes a discrete
step in tumour development which occurs in the very earliest stages of tumour growth
and progression.”> MMP-2 and MMP-9 have both been linked to the induction of the
angiogenic switch: MMP-2 was found to play a crucial role in the development of the
angiogenic phenotype in a model of tumour progression replicating the switch, whilst

MMP-9 has been found to be a regulator of the switch in a pancreatic tumour model.*®

27

Furthermore MMPs have been shown to play important roles in signalling. Many ECM
degradation products demonstrate certain biological properties which trigger a variety
of cellular signals. For instance, as shown in Figure 5 the breakdown of E-cadherin by
MMPs in the ECM causes the release of soluble E-cadherin which can disrupt
intercellular interactions resulting in a loss of cell adhesion allowing migration to
increase.” MMPs are also known to modulate the bioavailability of growth factors
necessary for tumour growth and angiogenesis, as well as regulating aspects of
immunity and inflammation via cytokine signalling. For example MMP-2, -9 and -14
have been implicated in the release epidermal growth factor receptor (EGFR) ligands
resulting in upregulation of signalling via the EGFR pathway and which leads to

. . . . . 2
uncontrolled proliferation, migration and survival of cancer cells.”®

In addition to the well-known pro-cancer effects of MMPs, it is now acknowledged
that certain MMPs can provide an anti-cancer effect.'” * For instance MMPs have
been shown to cleave substrates plasminogen and collagen XVIII into angiostatin and

endostatin respectively which have demonstrated potential as angiogenesis inhibitors.

10
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Therefore, over expression of MMPs in the incidence of cancer may not only be due to
their necessity for the progression of the disease but rather a response triggered by the

abnormal cell activity.

Figure 6 provides a pictorial summary demonstrating a few of the important routes of

progression in cancer and highlighting the MMPs known to be involved in these

processes.

MMP-2,:3

MMP-7,9 } TGFp

MMP-14  —*CD4s MMP-g —» IL-2Ra]
MMP-3-T  —spB-EGE MMP-3,-7 —» HB-EGF MMP.2.14 —>laminind  Mup.2.3
MMP-1,-2,-3 }mF MMP-1,-3 —+BFGF MMP3.7 —»E-Cachern MMP-?.-Q}TGW
MMP-8,-11:28 MMPT>FosL  wwPs  —.vEGF MMP-14,15 —»(Transglul.  ypz  —» MCP-3
MMP-1,-3  —»bFGF MMP-2,-3 } 1668 MMP-2.5.-14

MMP-7,-2 MMP-16,:24 }Ivuss

.

®

SV

DURaO)
INVASION IMMUNITY

SRS @
T T

MMP.2.3 MMP-2,-3
MNP.7 ‘9} TGF-§ MMP-T,-0,.12 } Anglostatin MMP-11—> 2 MME.8 = LIX
¥
MMP-3,.7.-9 g —
MMP-2 —* FGF-R1 3, Q}End”'aun MMP-g —*|L-8
MMP-12,:13,-2
MMP-3 —& Tumstatin

Figure 6 — Schematic describing some of the roles different MMPs have to play in different processes in
cancer. Arrows highlight MMPs involved in cancer progression at these stages whilst the red non-

arrows indicate anti-cancer activity in those stages. Figure taken from Folgueras et al.'

While MMPs have shown involvement in numerous processes facilitating the
progression of cancer it is difficult to fit their activity into just one of the hallmarks of
cancer (as defined by Hanahan and Weinberg). It is this unique mix of roles, their
activity, and involvement in a variety of different disease pathways that make them
interesting targets for furthering our understanding of cancer. Additionally, MMPs

represent a potential early marker for cancer whose detection could pinpoint certain
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downstream effects, making them desirable molecular targets for diagnostics and drug

treatments.

1.2.3 MMPs as targets for inhibition

As well-known contributors to cancer progression MMPs have been the subject of
considerable interest in investigations into the treatment of the disease through the
inhibition of these proteases.'” ' * A number of MMP inhibitors (MMPIs) have
reached the clinical trial phase of drug development many based around
peptidomimetic or small compounds which target the catalytic zinc(Il) centre within
the MMP active site. While small animal studies on such compounds provided positive
results, these have not translated into increased survival rates in patients during clinical
trials. The reasons for this failure are thought to come down to a number of factors.'"
' 23 Firstly, dosing of patients was not optimal; adverse musculoskeletal effects of
many MMPIs during clinical trials limited the maximum tolerated dose of these early
MMPIs, limiting drug efficacy and the search for optimum dose analysis. Secondly,
the clinical trials in question were conducted with patients in the later stages of the
disease, past the beginning of metastatic spread when MMP inhibition could be most
helpful. Finally, the MMPIs in question were non-specific, targeting a broad spectrum
of MMPs, or demonstrating only limited selectivity. It is now believed that this broad
spectrum recognition would not only block MMPs involved in processes such as
metastasis and angiogenesis, but similarly the anti-cancer action that some of the
proteases provide. In addition to this, another issue raised in clinical trials involving
MMPIs was the difficulty monitoring the effect of drug treatment, this was on the basis

that MMPIs are cytostatic rather than cytotoxic so conventional drug monitoring
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systems (i.e. tumour size) were not applicable to MMPIs preventing accurate

evaluation of efficacy.

In order to advance MMP inhibition a number of areas have been highlighted to
facilitate improvement. A greater understanding of the individual roles of MMPs
within cancer is needed, along with the identification of targets and anti-targe‘[s.23
More specific MMPIs will need to be produced which target only those MMPs which
negatively impact on health. Some MMPs pose the issue that they have different roles
at different stages of cancer progression (they may provide anti-cancer action at one
point but pro-cancer action at another making it difficult to define them as targets or
anti-targets), however a greater understanding of these MMPs and their actions could
help with understanding when MMPIs may be most useful to patients.” Furthering the
knowledge of MMP activity in vivo will be essential in the design of more effective
inhibitors. Additionally, the need for better monitoring systems of these cytostatic
drugs has been emphasised, the ability to non-invasively detect the action of these
proteases is necessary for complete evaluation of MMPIs. Both of these areas
emphasised in the development of MMPIs could be aided with the use of molecular
imaging, this could provide insight into the functions of MMPs in cancer and lead to

effective MMP-targeting therapies.'* "

1.24 MMPs as targets for imaging

Expression of MMPs has been shown to be amplified in virtually every type of human
cancer making them valuable biomarkers for the disease as well as desirable targets for
molecular imaging.” ** Molecular imaging of MMPs offers the potential for not only

detection of cancer at an earlier stage (as discussed earlier MMPs 2 and 9 are known to
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play a role in the angiogenic switch which occurs at the earliest stages of tumour
progression), but could similarly contribute to patient monitoring during treatment and
aftercare. For example Ranuncolo ef al conducted a study in which it was seen that for
patients who had previously had breast cancer a gradual increase in the plasma activity
of MMP-9 was observed 1-8 months before the return of the cancer could be clinically
diagnosed.*® There have been numerous studies which have highlighted the potential
of MMPs as prognostic markers within a number of cancers, and there are examples of
varying expression in different histotypes of individual cancers, highlighting the

diagnostic potential of these enzymes.' " 3

These examples all demonstrate the
potential of MMPs as a useful clinical tools as we head towards an age of personalised

cancer medicine and therapy.

Despite the potential of MMPs as biomarkers, complete understanding of these
enzymes has still not been reached, and there is room for furthering our understanding
of these proteases. Greater appreciation of MMPs and their function, through non-
invasive monitoring via molecular imaging, would further our understanding of cancer
and the hallmarks that MMPs fall within, this will in turn increase their diagnostic
potential. This includes the production of more specific and appropriate MMPIs (via
the identification of targets and anti-targets), as well as providing an understanding of
when MMPIs would be most useful to patients. The use of imaging modalities would
make it easier to evaluate the activity of MMPIs in vivo and may offer help when

trying to prescribe an effective dose of an inhibitor.

In addition to their over expression in cancer and their potential applications as
biomarkers, there are other factors which make MMPs ideal molecular targets for
imaging. As enzymes which are secreted and activated in the extracellular matrix, any

imaging probe designed would not require the ability to transfer into the cellular
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environment, increasing synthetic ease and potentially allowing for more design

’ MMPs importantly also provide catalytic activity which allows for

creativity.
potential signal amplification through the use of an imaging probe which is activated

by the catalytic site of the protease, as opposed to a target- receptor type interaction

which is intrinsically on a 1:1 ratio.”’

Of the MMPs known to be up-regulated in the incidence of cancer those which could
be considered most interesting to image are MMP-2 and MMP-9, as they are both
associated with the angiogenic switch and have shown high levels of expression in a
wide variety of cancers. Both of these MMPs have been widely evaluated in terms of
their roles and overexpression in cancer and have been investigated with regards to
defining a number of selective substrates. Additionally, it would be interesting to
investigate MMP-14 as it is a membrane type MMP and is known to turn pro-MMP-2
into its active form. Thus, its overexpression would be expected before or alongside
that of MMP-2. All three of these members of the MMP family have also been

implicated as having prognostic potential.”**

1.3 Molecular imaging and state of the art MMP imaging

Molecular imaging has been broadly defined as ‘the in vivo characterisation and
measurement of biological processes at the cellular and molecular level’.”® It aims to
probe molecular abnormalities and changes that are the basis of disease rather than the
end effects of these molecular alterations (which is the domain of classical diagnostic
imaging). The goal within cancer imaging is to identify tumour specific biomarkers
and utilise molecular imaging to facilitate the early detection of cancer and enable the

personalisation of cancer therapy. Imaging of highlighted biomarkers such as MMPs
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has the potential to provide valuable information on molecular alterations occurring
within cancer and offer important advances for the diagnosis and treatment of cancer;
including the provision of information regarding a patient’s prognosis and a
contribution to effective aftercare.”’ Molecular imaging can be carried out by any
number of the imaging modalities available and a variety of different modalities have
recently been investigated for the targeted molecular imaging of MMPs. These include
optical imaging, positron emission tomography (PET), single photon emission

computed tomography (SPECT) and magnetic resonance imaging (MRI).

1.3.1 Optical imaging

Of the imaging modalities which have been investigated for targeted molecular
imaging of MMPs, optical imaging techniques represent the group which has been
most prolific. Optical imaging is a modality which encompasses a variety techniques
based on the use of light to interrogate cellular or molecular functions within the living
body, or animal and plant tissues.’* Optical probes which are designed for the clinical
environment generally provide detection via the accumulation or activation of a near-
infared fluorescent (NIRF) species at a specific target site which on excitation will
emit photons. Fluorescent agents can be designed to target different receptors within
the body, or as is often the case in MMP imaging can be designed to be activated in the

presence of a certain enzyme, protease or catalyst.

The use of optical imaging to visualise MMP activity within the body was first
demonstrated in a study by Bremer ez al.*” In this investigation an imaging probe was

developed which contained a near-infrared fluorochrome linked via an MMP-2
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cleavable peptide to a non-immunogenic polymer backbone which had been designed

to be an efficient delivery vehicle Figure 7.
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Figure 7 - Schematic showing the design of MMP-2-activated fluorescent probe from Bremer et al, with

fluorescent compounds attached to a polymer backbone via MMP-2 cleavable peptide substrates.
Internal fluorescence quenching occurs (represented by orange dotted lines) prior to enzymatic
cleavag:{e.35

The proximity of the fluorophores to one another resulted in quenching of the
fluorescent signal which could be broken by enzymatic reaction. This probe was tested
in vitro with MMP-2, against a scrambled control peptide with no specificity for
MMP-2 cleavage. This comparison showed that the probe with the MMP-2 cleavable
peptide had a significant increase in fluorescence (up to 850%) when treated with
active purified MMP-2, whereas the control compound exhibited very little change in
fluorescence. This demonstrated the potential of the probe for imaging the activity of
MMP-2. Further analysis was carried out on the probe to explore its selectivity with
regards to other MMPs which would be found in vivo. The probe was tested against a

variety of MMPs: MMP-1, -2, -7, -8 and -9, and it was seen that although fluorescent
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signal could be observed in these experiments, the increase was not as high as with

MMP-2.

In vivo investigations were subsequently carried out on the probe to evaluate its
potential to image MMP-2 expression. Two models were set up one using a HT1080
fibrocarcinoma model which is reported to produce high levels of MMP-2 and a BT20
tumour model which was chosen because of its relative lack of MMP-2. The MMP
sensitive probe and the control probe were injected into the HT1080 and BT20 tumour
bearing animals. Imaging results showed that for the HT1080 tumour model there was
a significant difference in fluorescence between the mice injected with the MMP-2
probe and the control probe, it was also observed that for the BT20 tumour model there

was a much lower fluorescence signal than seen in the HT1080 model.

Bremer et al went on to investigate the use of the probe for analysing the abilities of
MMP inhibitors both in vitro and in vivo. In a number of in vitro investigations it was
seen that fluorescence signals could be completely blocked with the use of certain
MMP inhibitors such as phenanthroline. /n vivo the study was focused on prinomastat,
again using the HT1080 tumour model. Tumours were allowed to grow to 2-3mm
before the mice were treated twice daily with either prinomastat or a control. Mice
treated with prinomastat produced a significantly smaller MMP-2 NIRF signal when
compared to mice bearing untreated tumours. This work illustrated the potential use
for an MMP imaging probe in analysis of drugs as well as validating MMP specific
activation. This probe demonstrated the first example of MMP imaging and
highlighted the potential of such probes for the detection of MMPs in vivo and for their
use in drug treatment response analysis. However, initial MMP optical probe designs
such as this lacked the ability to quantitatively assess and determine specific MMP

activity. These problems have been overcome to some extent in later work where
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techniques using sensor and reference probes provide the potential of quantitative

measures of proteolyic activity

An example of this comes from the work by MclIntyre et al in which a probe was
designed based on a dendrimeric scaffold which has a fluorogenic substrate built on to
it and which could be selectively cleaved by MMP-7.¢ In addition to this the probe
contained a non-cleavable internal reference fluorophore, allowing the probe to be

detected even when MMP-7 cleavage had not taken place.

Ahx—RPLA*LWRS—Ahx—C

PAMAM dendrimer

Ahx—RPLA*LWRS— Ahx

Figure 8 — Diagram describing the MMP-activated optical imaging probe (fluorescein, F1 attached to
poly amido amino dendrimer via MMP clevable peptide) with non clevable internal reference

(tetramethylrhodamine, TMR) from McInyre et al .*°

This system allows for simultaneous imaging of biodistribution and MMP activity,
providing a different response between MMP-7 expressing tumours and tumours with
no MMP-7. Additionally, this probe demonstrated selectivity for MMP-7 over MMP-

2.

Another issue in using optical probes based around this ‘activatable’ concept for

imaging MMPs is the probable complexity involved when attempting to image cancers
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which lack membrane bound MMPs. The fact that fluorophores may not remain
localised at the site of tumours once MMP cleavage has taken place could be
problematic. A strategy was devised by Tsien et al/ which attempted to overcome these
concerns by designing fluorescent probes which on cleavage by MMP-2 or MMP-9
have the ability to penetrate or translocate into the cytosol of mammalian cells Figure
9.37 This process allows for the build-up of fluorescence in cells in the area of MMP
activity. In experiments with HT1080 cells significant uptake of activated cell

penetrating peptide (ACPP) was observed compared to a scrambled peptide control.
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Figure 9- Schematic describing the mode of action of MMP activated cell penetrating probes, showing
initial blocking of cell penetration by polyanionic residue, linker cleavage and subsequent cellular
uptake of the polycationic residue, which delivers the payload into the cells. Figure taken from Tsien et

37
al.

However such probes lack an activated signal component relying on an activated
targeting mechanism which could potentially result in high overall background signal

due to no initial quenching of fluorescence.
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Despite the high sensitivity of optical imaging probes often only modest changes
fluorescence signals between quenched and unquenched states are seen. Recent studies
have addressed this with the use of gold nanoparticles which act as almost perfect
quenchers of fluorescence and therefore provide a much larger change in signal
between the quenched and un-quenched states.*® Lee ef al describes the use of gold
nanoparticles functionalised with a Cy5.5 dye via an MMP cleavable peptide to
measure the presence of MMPs. In the initial state fluorescence is highly quenched by
the gold nanoparticle core and additional quenching takes place due to the proximity of
dye molecules to one another at the particle surface, this multi-quenched state ensures

pronounced NRIF recovery on MMP activity.
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Figure 10 — Figure taken from Lee et al showing the mode of action of MMP sensitive gold nanoparticle

for activated optical imaging of MMP-2.

These nanoparticles were shown in vitro to produce strong NIRF signals when tested
against a number of MMPs. This was compared to a probe synthesised with a
scrambled MMP-2 substrate linker with whom no NIRF signals were recovered. It was
observed that in the presence of an MMP-2 inhibitor the NIRF signals exhibited by the
gold nanoparticle probe were strongly disrupted. /n vivo investigations were carried
out using mice infected with SCC7 tumour cell carcinomas which are known to

express MMP-2. It was seen that in normal nude mice NIRF signal was comparable to
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the background tissue signal, whereas in mice bearing the SCC7 tumours the gold
nanoparticle probes produced a high intensity NIRF signal allowing visualisation of
the tumour site. Furthermore, SCC7 tumour bearing mice were tested to ascertain the
effects an MMP-2 inhibitor would have on the fluorescence of the gold nanoparticle
probe, as with in vitro experiments the inhibitor significantly decreased the NIRF

signal. /n vivo results can be visualised in Figure 11.

AuNP/Normal

AuNP/SCC7 Tumor

AUNP/(+) inhibitor/fSCC7 Tumor

Figure 11- Images of normal and SCC7 tumour bearing mice after injection with the MMP activated

gold nanoparticle and with or without an MMP inhibitor present, figure from Lee ef al.*®

While these probes demonstrated the benefits of using ‘perfect’ quenching to increase
fluorescence signal changes in optical imaging, these probes lack the quantification
capabilities of those imaging probes which present a pair of fluorophores.
Additionally, these probes despite being designed as MMP-2 probes show activity with

a number of MMPs tested.

The examples shown here represent a sample of the large number of MMP activated

optical probes, they demonstrate the potential and progression of the optical imaging
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of MMPs. However, despite all the positive examples, optical imaging comes with the
inherent problem of limited depth penetration through tissue.’* While not a significant
issue in mouse models this would be problematic for in vivo applications in humans
and transfer of successful probes in to the clinical environment. Near infra-red
fluorescence imaging has a limited penetration of light of less than 10 mm. > It is this
low depth penetration that is the main factor which prevents optical imaging from
being used effectively in vivo. Ultimately, in spite of the sensitivity of optical imaging
and its ability to successfully image the activity of MMPs, the inability to penetrate
deep within the tissue of a patient will be the limiting factor of optical imaging
techniques for non-invasive clinical applications such as the imaging of cancer.
Nevertheless, the wide range of probes developed for optical imaging of MMPs
elucidate properties that are desirable when designing future MMP imaging probes;
‘activatable’ or ‘on-off’ systems based on MMP activity, ability for quantification
(internal reference) and the issue of compound retention at the activation site with

these extracellular enzymes.

1.3.2 Positron emission tomography (PET) and Single photon emission

computed tomography (SPECT)

PET is a very sensitive and quantitative molecular imaging modality which is highly
utilised in drug discovery and has been expanding into a useful tool in the treatment of
a number of diseases. It involves the labelling of a tracer compound with a radioactive
isotope such as ''C or '®F which emits positrons. An emitted positron will travel no
more than a few millimetres before collision with a nearby electron results in

annihilation, emitting two 511eV y-ray photons in opposite directions to one another.>”

40
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Figure 12- Schematic description of the positron decay process and the release of collinear y rays.

511eV

The emitted photons travel in a straight line and can be detected by collinearly aligned
detectors to localise the source of the collision. Detectors are generally arranged in a
ring around the target allowing radioactivity measurement from a large number of
angles. Reconstruction algorithms are then used on collected data to make allowances
for attenuation and scattering of the y rays. Labelled compounds are designed to
interact with a specific target or mechanism within the body or organism and often
potential drugs are labelled to monitor their action. PET therefore allows for the
tracking of labelled compounds within the body to provide molecular imaging. The
most noteworthy example of a PET radiotracer for imaging cancer comes from ['*F]-2-
deoxy-2-fluoro-D-glucose otherwise known as FDG, which is a glucose analogue and

1s widely used for the clinical diagnosis of cancers.

SPECT is another imaging technique based on the radiolabelling of compounds,
however in this case gamma radiation is utilised.”” The signal produced by these
probes can be directly measured on simple gamma camera which when used at
multiple angles can be computed to give a 3D tomographic reconstruction. While

SPECT imaging benefits from isotopes with longer half-lives and can be used to
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monitor relatively slow kinetic processes, it suffers from lower sensitivity and imaging

quality than PET imaging. *'

While there have been attempts to utilise MMPs natural inhibitors (TIMPs) for
imaging of MMPs (for example the use of '''In labelling of an N-TIMP-2 DTPA
conjugate with the potential for SPECT imaging of MMPs) the majority of PET and
SPECT studies into the imaging of MMPs have involved the labelling of small
molecule or peptidomimetic MMP inhibitors.” ** Given the failures of MMPIs in the
clinic it is unsurprising that many of the studies into the labelling of MMPIs have not
provided successful imaging. This is in contrast to in vitro data on labelled MMPIs and
is thought to be due to large amounts of non-specific binding found with these
radiolabeled compounds. For example Zheng ef al have conducted a number of
investigations where potent MMPIs such as [''C] MSMA and [''C] CGS25966 have
been radiolabeled, in these cases both compounds have exhibited high amounts of non-
specific binding when targeting breast cancers in mouse models preventing efficient

imaging of MMP activity.*’

o}
0
OO
HO | ‘
O

["'CIMSMA1

M

HO\NJ\/N\S o''cH
H z O’/ W\ 3
z o)

PN

["'CICGS 25996

Figure 13 - Structures of two labelled radiotracer MMP inhibitor compounds investigated in Zheng et

43
al.
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Additionally, the labelling of MMPIs such as Marimastat (via [18F]marimastat-
aryltrifluoroborate) which reached phase IlI clinical trials demonstrated similar results
with high levels of non-specific binding. It is likely these MMPI labelling examples
suffered from high levels of non-pathogenic uptake due to the non-selective nature of

the MMPIs labelled.**

Furumoto and co-workers have provided an example where radiolabelling of a
specifically designed MMPI has resulted in good tumour uptake in comparison to other
tissues and with development into a prodrug has demonstrated improved
biodistribution.” In this study a tracer was designed based on an MMP-2 inhibitor
labelled with an '°F as (seen in Figure 14) called (2R)-2-[4-(6-['*F]Fluorohex-1-ynyl)-

benzenesulfonylamino)-3-methylbutryic acid, or otherwise referred to as [ "F]SAVO03.
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Figure 14 - Radiotracer designed by Furumoto ef a/ for MMP-2 inhibiti