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Increased activity of matrix metalloproteinases (MMPs) is associated with poor prognosis
and metastasis in different cancer types. To exploit this feature and target cancer cells, the
protective antigen (PAWT) of the binary anthrax lethal toxin (LT) was modified to form
pores in cell membranes only when cleaved by MMPs (PAL1). Anthrax lethal factor (LF) is
then able to translocate through these pores into the cytosol of tumour cells. The aim of this
work was to develop a novel non-invasive imaging agent for the detection of matrix
metalloproteinase (MMP) activity based on engineered variants of LT. Here, '''In-
radiolabelled form of LF was used with the PAL1/LF system to allow non-invasive in vivo

imaging and quantification of MMP activity in tumour tissue by SPECT.

Initially, PAL1 MMP-activation was tested in a cell free assay. Subsequently, the activation
of PAL1 was evaluated by a cytotoxic assay in a range of cancer cell lines, with or without
a broad spectrum MMP inhibitor. MMP2 and MMP9 activity in the different cancer cells
was assessed by gelatin zymography. Expression levels of MMP14, and LT native receptors
(TEM8 and CMG2) were evaluated by western blot analysis. LT components were
radiolabelled with !!!'In. Cell abundance of TEM8 and CMG2 was determined by saturation
binding assays using '!'In-radiolabelled PAWT. After !!!In-radiolabelling non-toxic variants
of LF, their cell uptake was evaluated in the presence or not of PAL1. Evaluation of the in
vivo pharmacokinetics and biodistribution of !!!'In-radiolabelled LT components was
performed by SPECT/CT in naive mice or MMP-expressing MDA-MB-231 tumour-bearing

mice.

PAL1 MMP-cleavage was confirmed in a cell free assay. Notably, PAL1 capacity to cause
cytotoxicity in a panel of cancer cells correlated with anthrax toxin receptor and MMP14
expression. Additionally, in the presence of MMP inhibitors PAL1 mediated cytotoxicity
was prevented. Selective delivery of !!!'In-radiolabelled LF variants to MMP-expressing
cells by PAL1 was demonstrated in vitro, and corroborated using confocal microscopy with

fluorescently labelled variants of LF. Dynamic SPECT imaging demonstrated superior and
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selective uptake of radiolabelled PALI1 in tumour tissue when compared to radiolabelled
PAWT. Finally, a radiolabelled LF variant was selectively delivered to MMP-positive
MDA-MB-231 tumour bearing mice by PALI1, presenting excellent target-to-background

contrast.

Taken together, these results indicate that radiolabelled forms of mutated anthrax lethal toxin

hold promise for non-invasive imaging of MMP activity in tumour tissue.
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1. Chapter 1: Introduction

1.1. Opportunities and challenges

In this thesis, a modified version of anthrax toxin was used to image matrix
metalloproteinase (MMP) activity in tumour models using molecular imaging. At first, the
characteristics of MMPs that make them attractive imaging targets in cancer, as well as the
challenges to the development of an MMP imaging agent are described. Subsequently, the
most relevant imaging agents developed for molecular imaging of MMPs in cancer are
examined. Then, a detailed description of the Bacillus anthracis lethal toxin system is given.
Finally, the therapeutic effect of engineered variants of the toxin that target MMP activity is

discussed.

1.2. Characteristics and classification of the MMP family

The matrixins or matrix metalloproteinases (MMPs) is a family of proteases that is part of
the larger metzincin superfamily, characterised by the presence of a zinc ion (Zn*") protease
binding motif [1]. The MMP family comprises 23 MMP proteins. The defining activity of
these enzymes, also known as peptidases, is the hydrolysis of peptide bonds within proteins
and peptides. All MMPs present a latent form called zymogen, can be inhibited by a tissue
inhibitor of MMP (TIMP), and have an ability to hydrolyse components of the extracellular
matrix (ECM) [2]. Therefore, the main physiological roles of MMPs are linked to matrix

remodelling processes such as, wound healing, tissue development and inflammation [1].

MMPs are present in multicellular eukaryotes and may have evolved from a single-domain
protein to the multidomain architecture observed in the MMPs expressed in humans. The
most simple version of an MMP contains (1) a signal sequence, that direct them to the

secretory pathway, followed by the propeptide domain containing a conserved cysteine
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which interacts with, and inactivates the catalytic domain of the zymogen [3]. The MMP
prototype built also contains a hinge region, followed by a hemopexin-like domain that is
involved in substrate recognition and protein-protein interactions [4, 5]. Only MMP 2 and 9
present a gelatin-binding domain (fibronectin type II motif) within their catalytic region,

which plays a role in substrate recognition [6] (see Figure 1.1).

1, 8,13, 3, 10,
MMP 1.5 13,310, gy QTN
S 5 I CEETEE 71 GEEE

MMP 7, 26  ss J| Pro |
USTRY I ss N Po NFur] cat  Juc] Hpx

TUIPRLRTE VRN SS | Po NFur] cat Jukt ] _Hex Jik2] v ] oyt

werrzs (D S (G T (T R (3 5D
P 23 8 v R rur] cat ] cysrigcam |

Figure 1.1 Domain composition of human MMPs.
Abbreviation: SS, signal sequence; Pro, propeptide; Fur, furin
cleavage site; Cat, catalytic domain; Fn2, fibronectin type Il motif;
Lk1, Linker domain type I; HPX, hemopexin-like domain; Lk2,
linker domain type 2; TM, transmembrane domain type II, GPI,
glycosylphosphatidylinositol anchor; Cyt, cytoplasmic domain;
Cysr-IgCAM, cysteine rich and Ig-like domain cell adhesion domain
(based references [1, 7])

Six members of the MMP family have a unique capacity to anchor to the plasma membrane
instead of being secreted extracellularly. The structural difference of these MMPs is either
an additional transmembrane domain or a glycosylphosphatidylinositol (GPI) modification
on the C-terminal of the hemopexin domain [8]. In addition to this architectural feature these
transmembrane MMPs (MT-MMPs) also present a cytoplasmic tail that governors their
internalisation and turnover of these enzymes on the cell surface [9]. These anchored MMPs,
together with four secreted MMPs (11, 21, 28 and 23B), present a furin recognition sequence

between the propeptide and the catalytic domains (see Figure 1.1).
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MMP 23B is the most atypical MMP. Its N-terminal contains a type-II transmembrane
domain followed by a furin recognition sequence, and a cysteine-rich IgG-like cell adhesion
domain (see Figure 1.1). Given the lack of a signal-sequence and a propeptide domain, the
type-II transmembrane domain acts as both, hence both activation and secretion of this MMP

happen simultaneously when cleaved [7, 10].

Based on their domain organisation and substrate preference [11], MMPs can be grouped
into 6 categories: collagenases (MMP1, MMP8, MMP13), gelatinases (MMP2 and MMP9),
stromelysins (MMP3 and MMP10), matrilysins (MMP 7 and MMP 26), MT-MMPs which
can be membrane anchored (MMP14/ MT1-MMP, MMP15/ MT2-MMP, MMP16/ MT3-
MMP and MMP24 / MT5-MMP) or GPI anchored proteins (MMP17/ MT4-MMP and MMP
25/ MT6-MMP), and others grouping, the 8 remaining MMPs (MMP11, MMP12, MMP19,

MMP20, MMP21, MMP 23 B, MMP27 and MMP28) [1].

Notably, due to their broad overlap in substrate recognition, MMPs cannot be classified
effectively according to their substrate preference. Unsurprisingly, MMPs cleave various
substrates with similar catalytic efficiency due to the high degree of homology in their
catalytic domains. An alternative way of classifying MMPs is based on phylogenetic
relationships, which affords a more general insight on the properties of MMP family
members. Bioinformatics alignment of the primary catalytic domain sequences showed that
MMPs can be grouped in four major phylogenetic branches: (1) transmembrane, (2) GPI-
anchored, (3) gelatinase and (4) non-furin regulated MMPs [11-13]. Studies correlating
MMP cleavage patterns in a synthetic peptide library, demonstrated that the differences in

MMP substrate preference mirror the sequence phylogeny classification [12, 14].
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1.3. Substrate recognition by MMPs

Several attempts have been made over the past decade to systematically determine cleavage
motif preferences for individual MMPs. This understanding is fundamental for the design of
specific MMP activity assays, the development of small molecule inhibitors, prodrugs,
imaging agents and the prediction of yet unknown physiological substrates. Studies using
methodologies such as a series of synthetic peptides [15, 16], substrate phage display
libraries [17-20], and protease-generated peptide libraries [21, 22] were performed to
elucidate the preferential sequence surrounding the scissile bond in MMP substrates. At least
some of this emerging information has been compiled in databases such as MEROPS [23],

the Human Protein Reference Database [24], and UniProt [25].

Similar to other proteases, MMPs substrate specificity is guided by positional preferences of
the residues on both N-terminal and C-terminal from the scissile bond here represented as
(). The substrate of MMPs contain a canonical P-X-X-|L motif [15]. Depending on the
nature of the other amino acids, the resulting sequence can be cleaved by all MMPs or show
a preference for some individual MMPs or groups. This high level of substrate cleavage
redundancy explains the functional overlap observed among members of the MMP family.
In fact, the majority of MMP-knockout mouse models, with exception of MMP14 and
MMP20 [26], only present a mild phenotype, indicating the existence of proteolytic

redundancy and enzymatic compensation [27, 28].

The development of proteomics and bioinformatics fields demonstrated that certain residue
positions contribute to substrate recognition and specificity more than others [29].
Nevertheless, there are still many difficulties in studying MMPs substrate preference. It was
demonstrated that MMP substrates that were designed as linear single-strand peptides, such

as those used in the majority of peptide libraries, do not translate to the three-dimensional
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context of protein substrate structure. Neither do these libraries consider any substrate
recognition sites outside of the MMP catalytic domain (also known as exosites) [30, 31].
Additionally, none of the libraries evaluate the impact of residues which are beyond the
substrate with 10-mer around the scissile bond. It is known that collagen, a normal substrate
of MMPs, interacts with subsites outside this range of the scissile bond. These limitations
can prevent the prediction of MMPs physiological substrates. Altogether, the design of

substrate sequences that are specifically targeted by MMP activity is still a challenge.

1.4. Regulation of MMP activity

MMPs can degrade virtually all components of the ECM and cleave proteins related to cell
growth, proliferation, and inflammation [32]. Hence, MMPs play a central role as regulators
of homeostasis, presenting a low basal expression in physiological conditions. Uncontrolled
MMP activity has the potential to result in pathological effects and diseases. Therefore,
complex mechanisms are in place to tightly control MMP proteolytic activity via (1) gene
expression, (2) pro-domain removal and activation, (3) endogenous inhibition, and (4)

localisation in cell compartments.

Transcription of MMP genes is mainly constitutive, except for when matrix remodelling
events occur, such as ovulation, wound healing, and organ development. Growth factors,
cytokines, hormones, hyperglycemia, oxidized low-density lipoprotein, bio-products of
ECM, and prostaglandins can all modulate MMP transcriptional activation [32-34]. The
majority of MMP promoters are similar, and share several cis-elements which can be co-
regulated or co-supressed by its trans-activators [35]. Stabilising factors such as the
multifunctional cytokine transforming growth factor-f (TGF-B) prolongs MMP9 mRNA

half-life in the cytoplasm and thus promotes protein expression. Recently, other post-
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transcriptional events based on miRNA and epigenetic modifications have been described

as modulators of MMP gene expression [34].

Following gene transcription, all MMPs are translated as inactive precursors called
zymogens or pro-MMPs. To become active, MMP zymogens have their prodomain
removed, either proteolytically or by a specific chemical modification. MMP members with
a furin domain can be activated intracellularly within the trans-Golgi network before being
secreted in the pericellular environment [36]. In the extracellular environment, proteolytic
activation of MMPs is regulated by various classes of enzymes, including, plasmin or other
MMPs. Interestingly, once activated, MMPs themselves can degrade plasminogen,
modulating conversion to active plasmin, which can in turn activate more MMPs. A well-
described example of cooperative activation of MMP is that of pro-MMP2, which forms a
complex with TIMP2 and MMP14 on the cell surface, allowing removal of its prodomain

by a second active MMP14 molecule [37].

Even after activation, MMP proteolysis can still be halted by interaction with their natural
physiological inhibitor TIMPs, or the pan anti-proteinase a2-macroglobulin. There are four
different TIMP molecules (TIMP1, 2, 3 4), which are secreted by different cells and act as
broad spectrum inhibitors, chelating the zinc ion from the MMP catalytic site through their
N-terminal domain [38]. TIMPs also possess non-inhibitory functions. For example, in the
context of wound-healing, TIMP1 interaction with CD63 membrane protein present in
endothelial cells results in protection against apoptosis signalling in this cytokine-rich
environment [39]. In the blood stream, a2-macroglobulin is able to interact with MMPs,
resulting in a complex that can be scavenged by specific cell receptors present in the liver

[40].
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One way of evading these natural inhibitors and thereby increasing MMP activity is by
interacting with specific cell surface proteins [1]. This can potentiate MMP activity by
increasing the local concentration in a specific microdomain of the plasma membrane, by
protecting MMPs from their inhibitors or proteolysis [41]. For instance, the binding of
MMP2 to o3 integrin via their hemopexin-like domain is essential to allow cell invasion
activity [42, 43]. MMP9 docking with o4f1-integrin, observed in chronic B-cell lymphocytic
leukaemia, is associated with localisation of proteolytically active MMP9 and malignant cell
invasion [44, 45]. In addition to all aforementioned regulatory mechanisms, an increasing
amount of evidence suggests that the degradation products of ECM can also result in
peptides able to promote or inhibit MMP activity, serving as positive or negative feedback
signalling mechanisms [32]. It is therefore clear that multilevel regulation of MMPs is

essential for tissue homeostasis. The full extent of this is yet to be elucidated.

1.5. Physiological roles of MMPs

The development of MMP knockout mice allowed the identification of some of its substrates
in vivo, and a better understanding of the role of these enzymes in physiological processes.
At present, 19 MMP knockout models have been generated, with an overall benign
phenotype. The main phenotypical changes are observed after challenging stimuli, such as
bone fracture, wound promotion or tumour implantation [28, 46-49]. The experiments
performed with these models allowed the establishment of a direct relationship between

MMP activity and different physiological processes mentioned bellow.

Certain MMP knockout mouse models show a phenotype related with the same process
demonstrating that several MMPs are required for certain biological events to happen.
Conversely, knockout of one MMP can lead to an impact on different physiological

processes. This is well exemplified in the case of bone formation defects observed in MMP9
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and 13 knockout mice. In both cases, bone development is hindered to a small degree causing
long bone shortening, while the double knockout leads to a severe bone shortening. The
results suggest that MMP9 and 13 cooperate in collagen cleavage within the ECM of long
bones, which is essential for correct development [50]. In addition, MMP9-null mice show
modifications in innate and adaptive immune responses, since this enzyme participates in

immune cell recruitment showing pro and anti-inflammatory effects [51, 52].

MMP2 and 14 activity is also relevant for bone growth and modelling, yet the knockout
models present phenotypes distinct from the ones described above. MMP14 gene ablation
resulted in a remarkably severe spontaneous phenotype with skeletal deformations including
craniofacial dysmorphia, dwarfism and fibrosis on the soft tissues, as well as development
of vasculature defects. This highlights the central role of MMP14 in collagen turn over [53],
and its contribution to vessel sprouting through degradation of type I collagen and release of
proangiogenic factors [54, 55]. On the other hand, MMP2 gene ablation has been found to
result in reduced angiogenesis and in skull deformations [56, 57]. The double knockout for
MMP2 and MMP14 presents an additive effect compared to the single knockout models,
suggesting functional overlap in mice between the two MMPs with distinct molecular

natures [58].

In summary, dysregulation of MMP activity leads to unwanted activity, and a variety of
disorders. In particular MMP2 and MMP9 and membrane-anchored MMP14 have been
implicated heavily in tumorigenesis, and as such have been proposed as therapeutic targets
and as potential biomarkers linked to cancer aggressiveness and progression [59]. Apart from
their role in cancer, MMPs are also implicated in cardiovascular conditions and
neurodegenerative disorders, such as Alzheimer's disease, Parkinson's disease and
autoimmune disorders [60], as well as several pulmonary and oral pathologies. In the next

section, the diverse roles of MMPs in cancer progression and metastasis will be discussed.
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1.6. MMPs and tumour progression

Elevated MMP expression is frequently associated with poor prognosis for cancer patients
[61]. The human protein atlas data base report that over expression of MMP14 and MMP9
is classified as unfavourable prognostic markers for renal, hepatic and ovarian cancer [62,
63]. Mouse gene knockout models confirmed that MMPs are involved in tumorigenesis,
corroborating initial studies dating from the early 1980s [56, 64, 65]. Interestingly, MMPs
can promote tumour progression but they can also have a tumour-suppressor role for MMP3,
8,9, 11, 12 and 19 (see review [66]). At first, the involvement of MMPs in tumour
progression was attributed only to their capacity to cleave ECM, removing and remodelling
it to allow cell invasion and tumour expansion. However, mounting evidence showed that
MMPs act through a broader range of substrates, involved in multiple signalling pathways,

thus modulating the tumour biology in a complex manner that is yet to be fully elucidated.

In cancer, signalling pathways controlling fundamental cellular processes such as growth,
proliferation, differentiation, migration and apoptosis are dysregulated. Mitogen-activated
protein kinase (MAPK) pathways are evolutionarily conserved kinase modules.
Extracellular stimuli can interact with receptor tyrosine kinase (RTK) and activate the
MAPK signalling pathway, modulating the machinery that controls these important cellular

processes.

Epidermal growth factor receptor (EGFR) is a RTK, who activation by ligand binding (e.g.
epidermal growth factor, epiregulin, transforming growth factor-a) contributes to cancer cell
proliferation, invasion, and metastasis. EGFR activation and signalling are leading causes of
malignancy in many types of cancer such as breast, lung, metastatic colorectal, head and
neck, ovarian, and brain cancers. Activation of EGFR in tumour cells results in upregulation

of MMP2, MMP9 and MMP14 [67]. Moreover, non-tumour cells associated to the tumour
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microenvironment, additionally to infiltrating leukocytes are also stimulated to produce

these MMPs (see Figure 1.2) [68, 69].

A. Angiogenic
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Figure 1.2 MMP multiple functions in the tumour microenvironment
The formation of new blood vessels (A. angiogenesis) can be triggered by
the release of vascular endothelial growth factor (VEGF) and also tumour
growth factor-p (TGF-p). Differently it can be supressed (Antiangiogenic)
by the release of Collagen XVIII fragments (endostatin). The conversion
of latent pro-TGF-p or latent TFG-p binding protein 1 (LTBP-1) can cause
evasion of the immune surveillance (B. immune response) increasing
invasion and metastasis and also leads to stimulation of neutrophils to
produce more MMP9. Tissue invasion (C. tissue invasion) of the tumour
and cancer metastasis require ECM (extracellular matrix) remodelling and
down regulation of cell adhesion. MMPs can degrade cell surface
molecules that mediate cellular adhesion, such as CD44 and E-cadherin.
The high proteolytic activity in the tumour microenvironment releases
cytokines, growth factors, and exosomes containing MMPS that can
prepare distal tumour sites for tumour cells colonization and survival (D.
pre-metastatic niche).

MMP9 can be compartmentalised on the cell surface by docking with CD44, a cell surface
adhesion receptor. This result in increased MMP9-mediated TGF-f activation, which in turn
causes stromal cells to evade immune surveillance leading to increased invasion by non-
tumour cells [70]. Another way that these MMPs (2, 9 and 14), can modulate the bioactivity

of TGF-B is by cleaving latent TGF-f3 binding protein 1 (LTBP-1), an important ECM
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component [71, 72]. This increase of soluble TGF-f3 can induce cancer promotion and trigger

invasion and metastasis (see Figure 1.2) [73].

Another MMP9 substrate involved in tumour progression is the intercellular adhesion
molecule 1 (ICAM-1), a cell surface glycoprotein that is implicated in cellular interactions
with immune cells. Shedding of ICAM-1 by MMP9 cleavage halts cell-cell communication
and confers resistance to cell-mediated immune responses [74]. MMP9 and MMP14
proteolytic activity also affects the cell-cell interaction governed by E-cadherin. Its cleavage
leads to increased proliferation in ovarian cancer, detachment of primary tumour cells from
the ovarian surface and metastases [75]. MMP3 overactivity can also degrade E-cadherin,
thereby promoting epithelial-to-mesenchymal transition (EMT) and tumorigenicity in
mammary cells through a process that involves increased expression of Raclb, a protein that

stimulates alterations in cytoskeletal structure [76-78].

Angiogenesis is an enabling characteristic of the tumour progression, and it is considered a
hallmark of cancer being called the “angiogenic switch”. Interestingly, it became established
that the critical factor is the vascular endothelial growth factor (VEGF) and its proteolytic
release from the ECM by MMPs. Additionally, inhibition of MMP2, 9 and 14 activity
resulted in reduced angiogenesis in a lung cancer mouse model [79]. E.g. in pancreatic islet
tumours, MMP9 activates VEGF by cleaving an insoluble precursor anchored in the ECM,
which can then interact with its receptors and promote angiogenesis [80, 81]. Additionally,
MMP14 activity induces transcription of VEGF through activation of Src-tyrosine kinases
[82]. Interestingly, MMPs not only promote angiogenesis but also cause anti-angiogenic
effects. It has been described that MMP3, 7,9, 12, 13 and 20 can generate the anti-angiogenic

factor endostatin by processing type XVIII collagens in vitro [83].
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Notably, in vitro experiments have demonstrated that MMP2, 9 and 14 activity can lead to
the promotion of lymphangiogenesis [84]. In cancer, lymphatic vasculature promotion is
related to increased metastatic process [85]. A lung cancer mouse model confirmed this
correlation: fewer lymph node metastases were observed after inhibition of MMP activity
when compared to control mice [79]. In a more recent report, using an MMP 14-knockout
mouse model, it was shown that MMP14 gene ablation lead to a lymphangiogenic effect in
the corneas. It was observed that MMP14 cleaves the lymphatic vessel endothelial
hyaluronic receptor-1, present on the surface of lymphatic endothelial cells, thus restricting

the lymphangiogenic potential [86].

MMP activity in cancer is linked to the metastatic process which is the lethal outcome of the
vast majority of cancers [87]. It was described that MMP2, 9 and 14 in exosomes are
important for the initiation of the pre-metastatic niche formation in distal organs [88, 89].
Growth factors and cytokines released from the primary tumour site as a result of MMP
activity, can create a receptive niche in organs such as the lungs, liver and bones, where

tumour cells would be able to engraft and grow into secondary lesions [90].

With mounting evidence, the central role of MMP activity in tumour progression became
clear. As a result, a number of clinical trials treating late-stage cancer patients with MMP
inhibitors were started by major pharmaceutical companies in the early 1980s [91].
However, the results of these trials turned out to be unsatisfactory, as the treatment failed to
improve the survival rate of cancer patients while presenting severe side effects such as
musculoskeletal syndrome impairing patient life quality [92]. In summary, MMP function is
more complex than originally thought, and better experimental designs associated with more
specific molecules are required. Moreover, a better understanding about the physical location
and dynamics of MMP enzymatic activity are fundamental to further elucidate the

physiological role of these enzymes in tumour progression.
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1.7. Studying MMPs in vivo

As laid out above, MMPs can affect many of the central processes involved in tumorigenesis
and metastasis. Thus, their value as a cancer biomarker has been studied extensively [93,
94]. A plethora of methodologies have been used to determine MMP expression in vivo, at
transcriptional and protein level, and to correlate this to staging or prognosis. Despite the
value of the information produced by these methods, expression levels of MMPs are less
relevant to disease status than their proteolytic activity, and these two parameters do not
necessarily correlate. Hence, it is challenging to draw conclusions using mRNA or protein
expression measurements only, as these methods disregard the post-translational regulation
of MMP activity. Moreover, these methods are based on ex vivo or liquid biopsy samples,

which interfere with MMPs interaction with their inhibitors and promoting molecules.

Another attempt to use MMPs as a prognostic marker originates from cancer patients’
studies, which demonstrated that in their body fluids MMPs are at increased levels.
Therefore, MMP profiling was performed in blood, urine, or saliva, trying to elucidate
whether this could be used as a diagnostic tool, or predictor factor for cancer outcome [95-
97]. Notably, the levels of MMP in body fluids allowed the differentiation between patients
with cancer from healthy control individuals [98, 99]. However, inflammation process and
benign tumours were also detected as false positives results. Probably because increased
levels of MMPs can be associated with inflammatory reaction in tumour progression.
Additionally, different cancer types originate the same upregulated MMPs in body fluids.
Moreover, this test does not give spatial information about the cancer lesion, hence, it cannot

be considered as definite diagnostic tool.

A non-invasive technological approach aiming to address these problems should utilise

molecular imaging probes, which are capable of delineating MMP-specific activity in vivo.
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Molecular imaging modalities have the ability to target molecules associated with cancer
biology with high affinity and specificity, thus can provide very specific information which
can have a decisive influence on patient management [100]. Despite the challenges
associated with imaging MMPs, these enzymes are secreted and activated in the extracellular
environment, avoiding the need to transfer the probe to intracellular compartments.
Moreover, they are active at physiological pH, and perhaps most importantly, their activity
is catalytic and thus provides an opportunity for signal amplification not found with targets
that bind in a 1:1 fashion. Therefore, a molecular imaging agent capable of measuring MMP
activity may be a useful clinical tool to detect early-stage cancerous lesions with increased
sensitivity, identify tumours that might benefit from the use of MMP inhibitors as
chemotherapy drugs, assess the efficacy of inhibitory MMP molecules in vivo, and
determine cancer patient prognosis. As mentioned above, MMP activity is involved in
different pathologies and in fact, imaging agents for these other diseases were also developed

but will not be mentioned here (for review [101-103]).

Several non-invasive technological approaches have been developed to address these
questions using different molecular imaging modalities. All are based on natural or synthetic
MMP inhibitors, peptides, antibodies, cell-penetrating peptides or substrates [101]. The
imaging agents used so far for MMP measurement in oncological models are optical imaging
probes, radiolabelled imaging agents for either positron emission tomography (PET) or
single photon emission computed tomography (SPECT) and magnetic resonance imaging
(MRI) probes [104]. Below, a more detailed overview of the most relevant MMP imaging

agents developed so far is provided.
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1.7.1. Molecular optical imaging

Molecular optical imaging is based on a targeting agent presenting a fluorophore attached
to, or incorporated in its structure. This fluorophore can be excited by a specific wavelength
provided by an external light source, and emit a photon with lower energy [105]. There are
two ways for fluorescently labelled probes to present the contrast necessary to be an imaging
agent. One possibility is via accumulation of the fluorophores through affinity of the
targeting moiety to a binding site, or thorough leakage in the tumour abnormal vasculature.
Alternatively, a substrate containing an acceptor and a donor fluorophore can be designed to
present Forster Resonance Energy Transfer (FRET), in which the fluorescent signal is
quenched until the two fluorophore moieties are separated through cleavage of this substrate

[106].

To image MMP2 activity and also assess MMP inhibition in vivo, Bremer et al. developed
a probe using a peptide [107] based on MMP’s substrate attached to a CyS5 fluorophore. The
emission photons of this fluorophore are within the near-infrared (NIR) region and this
particular probe was quenched by an acceptor group present in the structure [108]. MMP
activity in a fibrosarcoma mouse tumour model was detected using this probe and after
treatment with a broad spectrum MMP inhibitor, the emission of the fluorescence signal was

reduced [109].

Another version of a probe that was designed to detect MMP activity was developed by
Tsien et al., dubbed ‘activatable cell penetrating peptide’ [110, 111]. This peptide contained
a sequence labile to MMPs, linking a fluorescently labelled cell-penetrating polyarginine-
based oligopeptide and a neutralising polyanionic peptide composed of glutamic acid
residues. Upon MMP activity, this hairpin-shaped peptide splits into two moieties, allowing

the polycationic domain to adhere to the negatively charged cell surface and be subsequently
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internalised. This strategy allowed selective accumulation of the fluorigenic probe within
the tumour cells. Another version using the same ACPP but containing two fluorophores
resulting in quenching by FRET, was shown to detect metastasis in the liver of a
fibrosarcoma tumour mouse model which presented MMP activity [112]. The capacity to
report MMP14 activity in tumour-bearing mice was also exploited using an MMP14
substrate containing a NIR dye-quencher pair, which showed an efficient boost in

fluorescence upon cleavage [113].

Another strategy based on FRET and substrates for MMPs was based on a self-assembling
homotrimeric triple helical peptide (THP), incorporating segments of type V collagen, with
high specificity for MMP2 and MMP9 proteolysis. This strategy has the advantage of
mimicking the topology of the substrate, possibly increasing specificity. Although, in vivo,
THP showed a low fluorescence enhancement in the fibrosarcoma tumour model upon MMP
cleavage, the signal was reduced when mice were treated with a broad spectrum MMP
inhibitor prior to THP injections. This result indicates that the observed tumour fluorescence

was indeed enzyme mediated [114].

A different scaffold based on a small immuno protein (SIP) targeting the catalytic domain
of human MMP2 was fluorescently labelled with Cy5 and utilised as an optical imaging
agent. In this study, MMP2 knockout mice were used to evaluate the specificity of the
uptake. Indeed, the presence of MMP2 activity correlated with the uptake of the
fluorescently labelled SIP. Therefore this approach can be a potential non-invasive imaging

biomarker for the evaluation of MMP2 activity in tumours [115].

A number of approaches were developed using nanotechnological devices as platforms
incorporating fluorophores in a peptidic substrate labile to MMP activity. One example is

based on a polymer fluorogenic dendrimer containing a substrate sequence labile to MMP7.
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In this particular case, fluorophores were quenched by FRET and upon MMP7 activity the
fluorescent signal would be generated. This strategy was sensitive enough to detect benign

lesions of one millimetre radius in mouse models bearing colorectal cancer [116].

Despite the fact that optical imaging is a sensitive technique, with high resolution and
relatively low cost, it cannot be used to detect cancer lesions within deep tissues in the body.
As aforementioned, the fluorophores do not emit photons spontaneously, hence, there is a
need for them to be externally excited. Secondly, the NIR emission photons penetrate at best
two centimetres in tissue, limiting the ability for visualisation of the majority of cancer types.
Nevertheless, this strategy has great potential in oncological surgery because it can highlight

where the small lesions are, and help to define the resection margin of the tumour [117].

1.7.2. MRI

Magnetic resonance imaging (MRI) has become widely available in the clinic and is a
commonly utilised modality of cancer imaging which offers soft tissue contrast of high
spatial resolution with excellent tissue penetration. This imaging modality is based on the
absorption and emission of radio frequency energy by certain atomic nuclei being hydrogen
atoms the most often used. Pulses of radio waves excite the nuclear spin energy transition,
and magnetic field gradients localise the signal in space. By varying the parameters of the
pulse sequence, different contrasts may be generated between tissues based on the relaxation

properties of the hydrogen atoms therein.

Specific morphological features of tumours can be better visualised by gadolinium-based or
iron oxide nanoparticles (IONPs) enhancement agents. These enhancement agents disturb
the magnetic relaxivity of the surrounding protons, increasing or decreasing the MRI signal

resulting in image contrast [118]. However, they do not possess targeting characteristics,
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making it necessary to associate these metals with elements which will confer the specificity

to molecular markers in tumour tissue.

A novel proteinase-modulated contrast agent (PCA) containing gadolinium was developed
to detect the MMP?2 activity in vivo by MRI. The PCA agent incorporates a solubility switch
system, whereupon cleavage of a peptide substrate by MMP2 causes the water solubility to
decrease leading to aggregation [119]. Evidence suggests that this leads to an accumulation
of cleaved PCA in MMP2-positive mammary carcinoma tumour-xenograft in mice, which
can be visualised by MRI. In addition, PCA accumulation in a MMP2 knockdown tumour
model, in vivo, was reduced. Additionally, a scrambled peptide sequence inserted into the

PCA agent did not accumulate in MMP2-positive tumour bearing mice.

Another MMP-sensing agent was developed by Long et al. using self-aggregating IONPs.
In this study, the authors used a bispecific nanoparticle presenting a peptide to target a
chemokine receptor overexpressed in cancer cells, and a polyethylene glycol layer, linked to
the surface of IONPs through an MMP-labile sequence. Upon MMP cleavage, these
nanoparticles aggregated, thereby enhancing MRI signal in a glioblastoma tumour model
[120]. To confirm if the aggregation observed was dependent on MMP activity, inhibitors
were injected and the accumulation of IONPs in the tumour site was reduced, reaching the
same levels as the control group consisting of IONPs with a scrambled sequence not specific
for MMP2 activity [121]. Although the development of magnetic MRI probes have high
resolution with no requirement for the use of radiation, the biggest limitation is their low
sensitivity and the relatively large quantity of probe required to achieve good image contrast,

which may hinder its clinical application.
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1.7.3. SPECT/PET

The nuclear imaging modalities PET and SPECT are a very attractive alternative for MMP
imaging as they present comparable sensitivity as optical imaging. Additionally, these
techniques rely on y—emissions which can pass largely unimpeded through tissues.
Consequently, PET and SPECT are routinely used to track biochemical, physiological and
pharmacological processes in a non-invasive manner in the clinic [100]. These imaging
modalities require the use of radionuclides that will generate y—emissions as a result of
radioactive decay. SPECT radionuclides generate the vy-rays directly, while PET
radionuclides emit a positron. The latter has the same mass as an electron but an opposite
charge. When this positron meets its anti-particle, an electron, an annihilation event takes

place, producing a pair of 511 keV y-rays [122].

Different scaffolds were used for the development of SPECT or PET MMP imaging agents
[101]. For example, inhibitors first developed for cancer treatment were radiolabelled to be
tested as MMP imaging agents These are synthetic small molecules classified on the basis
of the zinc binding group (ZBG), which chelate the zinc ion in the catalytic site, rendering
an inactive MMP [123]. Some of these molecules derive from the sequences of the amino
acids of the MMP’s endogenous substrates called peptidomimetic. For instance, Marimastat,
a hydroxamate peptidic broad-spectrum MMP inhibitor which was tested in the clinic [124],
was labelled with the PET radionuclide Fluorine-18 ('F). The resulting molecule
['8F]marimastat, was injected intravenously in mice bearing MMP-expressing murine breast
cancer cells, resulting in rather low tumour uptake. Nonetheless, the specificity of the tracer
distribution was confirmed by a blocking experiment in control animals first loaded with 10-

fold excess unlabelled Marimastat [125].
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Another MMP inhibitor originally developed for cancer therapy [126, 127] was used as a
scaffold for the development of a PET tracer, more MMP2 and 9 selective, by Furumuto et
al. The imaging agent had a carboxylic acid as ZBG, conferring higher selectivity but lower
binding affinity when compared to hydroxamate-based inhibitors [128]. !'®F-labelled
inhibitor, ['*F]SAV03, accumulated in xenografts mice bearing breast cancer with tumour-
to-blood ratios of uptake equivalent to 2.72 + 0.27. Whole-body autoradiography also
indicated tumour accumulation of the radiotracer but no other controls were included in this

work [129].

Another attempt of imaging MMP using small inhibitors as PET tracers was developed using
cyclic inhibitory peptides: a decapeptide ring containing the HWGF motif, designed to
confer additional selectivity towards MMP2 and 9 [130]. The peptide scaffold was
radiolabelled with two different PET radionuclides, either '8F or Gallium-68 (°®Ga) and
injected in tumour-bearing mice [131, 132]. For both tracers, ex vivo biodistribution studies
revealed low tumour accumulation which was below or similar to the concentration of the
radiotracer in blood. In the case of the '8F-labeled cyclic peptide, a blocking experiment was
performed using an excess of cold, unlabelled cyclic peptide pre-injected in the mice, which
resulted in reduced uptake of the radiotracer, demonstrating the binding specificity of the

inhibitor to its targets.

The natural MMP inhibitor, TIMP, also has been used as a platform to develop SPECT
tracers. TIMPs’ N-terminal domain present high affinities to the MMPs’ catalytic domain
establishing a non-covalent interaction. The first TIMP-based radiotracer was comprised of
the N-terminal domain of recombinant human TIMP2, radiolabelled with the radionuclide
Indium-111 (*"'In) [133]. Imaging studies were performed with this radiotracer which was

injected in Kaposi sarcoma patients. Unfortunately, the tracer distribution was
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predominantly in the kidneys and did not localise in other tissues and no Kaposi sarcoma

lesions could be identified [134].

TIMP2 was also radiolabelled using Todine-123 ('?°I) to allow MMP14 imaging [135]. The
rationale is that the TIMP2’s C-terminal binds to the hemopexin-like domain of MMP14,
which is tethered in the plasma membrane of cancer cells possibly reducing background
noise due to secreted MMPs present in the body fluids. However, high blood uptake and a
low tumour uptake were observed, possibly caused by shedding of MMP14 to the blood

stream [136].

Radiolabelled antibodies are an obvious choice to target protein biomarkers in cancer
imaging. Temma et al. developed a Technetium-99m (°*™Tc) labelled anti-MMP14
monoclonal antibody and evaluated its ex-vivo biodistribution in studies using three rodent
models of breast cancer [137]. Tumour-to-blood ratio of the radiolabelled antibody were
only 1:1, possibly due to the presence of MMP14 in the blood stream. Additionally, no
imaging study was performed. Pfaffen et al. also used an antibody-based imaging probe to
target MMPs. In the study they developed a radiolabelled SIP with Todine-125 (I'?%). This
SIP was based on the covalent dimerization of the single chain variable fragment presenting
a total molecular weight of 75 kDa. From the three different SIPs developed to target MMP1,
2 and 3, only the MMP3-targeting variant demonstrated specific tumour uptake in
teratocarcinoma lesions in mouse. Again, no imaging study was performed with this

approach [138].

Recently, Morcillo et al. developed two radiotracers: (1) using an antibody against MMP14
radiolabelled with Zirconium-89 (¥Zr), and (2) a MMPI14 binding peptide %Ga-
radiolabelled. Both probes were evaluated in a mouse pancreatic tumour model and

presented different characteristics. 3°Zr-anti-MMP 14 antibody presented a better tumour-to-
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blood ratio (1.44 + 0.43) when compared to the ®*Ga-MMP 14-binding peptide (0.5), as well

as a better image contrast [139].

Even though SPECT and PET are nuclear imaging modalities that present remarkable
sensitivity, all of the aforementioned inhibitor-based or antibody imaging agents, which bind
to the catalytic domain in a 1:1 fashion, do not generate the desired contrast. What is more,
they suffer from increased background signal, given the presence of MMPs in the blood
stream. Yet another disadvantage of this approach is that these agents indiscriminately bind
to both the active and latent form of the proteases. Therefore, the development of a probe for
MMP activity using PET/SPECT imaging is far more desirable to improve cancer patient

management.

Duijnhoven et al. aimed to address these issues by radiolabelling a version of the ACPP
developed by Tsien with Lutetium-177 (”’Lu) and Iodine-125 ('?°I) to enable monitoring of
MMP2/9 activity in pre-clinical models of fibrosarcoma tumours by SPECT [140]. While
no imaging experiments were performed, ex vivo biodistribution analysis revealed that
radiolabelled ACPP exhibited only very minor accumulation in tumour tissue and this was

attributed to activation of the probe in the vascular compartment.

An interesting PET imaging agent for MMP activity was developed by Chuang et al. [141].
The probe, containing a tetramethylrhodamine (TMR) group and a PEGylated MMP peptide
substrate, was '8F-labelled forming a PEG-peptide-'3F-TMR probe. Upon MMP cleavage,
the hydrophobic 'F-TMR was released and preferentially accumulated in MMP-expressing

tumours as shown by PET imaging.
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Table 1.1 MMP targetting probes for PET and SPECT

year Cancer IT/B Imaging *MMPs Scaffold  Isotope 3Ref
model Ratio
2010 Mammary -- yes Broad Marimastat 18F [125]
Spectrum
2015 Ovarian/  0.77+0.12  yes 2,9 Cyclic peptide  "*F/**Ga [131, 132]
Prostrate 0.48+0.14 inhibitor
2010 Pulmonary  0.89+0.14  yes Broad Marimastat 127 [136]
Spectrum
2009  Mammary  1.54£0.17 no 14 Antibody PmTe  [137]
2010 Teratocarcinoma 5.5+0.9 no 3 Small immuno 1251 [138]
conjugates
2018  Pancreatic  1.44+0.43 yes 14 Antibody/  ¥Zr/®Ga [139]
~0.50 Non-substrate
peptide
2011 Fibrosarcoma - no 2,9 *ACPP TTLw/!'>T  [140]
2012  Fibrosarcoma  2.5+0.9 yes 7,9,12,13 °TMR-PEG- 18 [141]
Peptide
2010 Melanoma 0.9£0.03  yes 9 Binding Peptide ~ ®*Ga [142]

I'T/B: tumour-to-blood ratio ex-vivo biodistribution; 2MMP: Matrix Metalloproteinase targeted;
3Ref: Bibliographic reference; “ACPP: Activatable cell-penetrating peptide; "TMR: tetramethylrhodamine.

The above table summarises key information about the different probes developed for
preclinical SPECT or PET imaging. A large number of strategies have been developed to
image MMPs. Nevertheless, there is room for improvement and novel platforms for imaging
agents targeting MMP activity in cancer should be explored. Here, we used a modified
anthrax lethal toxin to probe MMP activity by SPECT imaging. In the next section, the
biology of the anthrax toxin will be explained in detail. The feasibility of such a novel

approach to detect MMP activity using SPECT or PET imaging modality will be discussed.
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1.8. Anthrax lethal toxin mechanism

1.8.1. Background

Bacillus anthracis is a gram-positive bacterium and the causative agent of anthrax disease.
Anthrax is a zoonotic disease associated with domestic animals and soil, in its spore resistant
form [143]. In rare occasions, Bacillus anthracis can infect humans by cutaneous,
gastrointestinal, or respiratory entry, the latter being the more hazardous route. In pulmonary
or inhalational anthrax, the spores are carried by macrophages from the lungs to adjacent
lymph nodes. In this favourable environment, the spores can germinate and multiply. If left
untreated for 48 h after the onset of the acute phase symptoms, death occurs in almost 100%

of the cases [144].

The Bacillus anthracis bacteria is considered one of the most significant weapons in
biological warfare due to its high pathogenicity and its relative ease of preparation and
dissemination of its spores, which present great resistance to elimination [145]. Sadly, in
2001 Bacillus anthracis spores were used in the United States in a bioterrorism attack
increasing the attention given to the understanding of this disease and effort to improve

vaccines and treatment for this bacteria [146].

Bacillus anthracis present two major virulence factors encoded by two different plasmids,
the poly-gamma-D-glutamic acid capsule and the tripartite anthrax toxin [147, 148]. The
largest plasmid (pXO1) contains the genes for the anthrax toxin while, the pXO2 plasmid
codes for the capsule which it lays outside of the cell wall and protects the bacteria against

phagocytosis, or degradation by defensive cells from its host’s immune system [149].

Without the pXO2 plasmid, the bacteria can be phagocytised and destroyed. However,

anthrax toxin is the major virulent factor and it is responsible for the extensive edema and

Page | 25



organ failure seen in anthrax patients [150-152]. This toxin is composed of three
polypeptides which are individually non-toxic, namely, protective antigen (PA), lethal factor
(LF) and edema factor (EF). Interestingly, these names were given after the isolation of the
three components and the understanding that anthrax toxin is a A-B type or binary toxin
[153]. Therefore, it needs a binary combination of the correct components in order to present
any toxic effects. In fact, PA+LF injected into rats lead to sudden death when injected in rats
and was named lethal toxin (LT) [154, 155]. In contrast, the binary combination of PA+EF
was called edema toxin (ET) because it led to skin edema when injected intradermally in rats

or guinea pigs.

Both the EF and the LF of the anthrax toxin correspond to the “A” components, and PA
corresponds to the “B” component. PA attaches to host cell receptors, tumour endothelial
marker 8 (TEMS8) [156] or capillary morphogenesis gene 2 (CMG2) [157], and forms a pre-

pore that allows interaction and endosomal escape of EF and LF reaching the cytosol.

1.8.2. The protective antigen: PA

The PA, part B of the anthrax toxin, was named as such because of its ability to promote a
protective immune response against anthrax disease [158]. The mechanism of intoxication
of the anthrax toxin has been extensively investigated over the last decades and is possibly
one of the best described bacterial toxin mechanisms (see Figure 1.3) [159]. PA attaches to
host cell receptors, TEMS [156] or CMG2 [157], and forms a pore that allows interaction
and endosomal escape of EF and LF reaching the cytosol. The mature PA protein has 735
amino acids (PAg3) with a molecular weight of 82,684 Da [160]. The first crystal structure
of the PAgs monomer revealed that the molecule is folded into four functional domains that

play a unique role during the intoxication process.
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Figure 1.3 Anthrax toxin mechanism of cell intoxication

1. PA binds to cell anthrax receptors tumour endothelial marker 8
(TEMS8) or capillary morphogenesis gene 2 (CMG2); 2. PA is
cleaved by furin like proteases with PAg3 remaining bound to the
receptor. 3. Clustering of anthrax toxin receptors and forming of a
heptameric pre-pore (PAs3)7 creates the binding sites for (4) LF and
EF resulting in lethal toxin (LT) and edema toxin (ET) respectively.
5. Endocytosis of LT and ET along with receptors. 6. Translocation
of EF and LF through PA pore under acidic conditions. 7. Release
of LF and EF to the cytoplasm. 8. LF cleavage of MEKSs
(MAPK/ERK kinase) in the presence of zinc ion (Zn?"). 9. EF
adenylate cyclase activity transforming of ATP to cAMP using
calmodulin (CaM) and calcium ions (Ca?") as cofactors.

Domain 1 comprises the first 249 residues (PAzo, 20 kDa) and contains the region (RKKR167)
which is cleaved upon proteolytic action of furin or furin-like proteases. The remaining 82
residues of this domain forms the binding site for EF and LF [161-163], which spans two

adjacent C-terminal fragments (PAe3, 63 kDa) [164]. Removing the steric hindrance by

Page | 27



proteolysis allows seven or eight PAg;3 to self-assemble into a ring-shaped formation on the
cell surface, a structure called a pre-pore [165, 166]. Each pre-pore can interact with 2 or 3
molecules of EF and/or LF, forming stable complexes [167] on the cell surface before being
endocytosed [164]. In contrast, if not cleaved, PAgs persists on the cell surface while the
heptamer or octamer of PAg3 is endocytosed via a receptor mediated clathrin-dependent

process [168, 169].

Subsequently, the complex is delivered to early endosomes, where it associates with
intraluminal vesicles [170]. In the multi-vesicular endosome environment, the PA pre-pores
undergoes an acid-triggered conformational rearrangement, becoming a pore that mediates
the translocation of LF to the lumen of a late endocytic compartment, which in turn can be

released to the cytoplasm through a process of back-fusion of endosomes [171].

The rearrangement of PA residues 250 to 487, Domain 2, allows the formation of the lumen
of the pore [172]. Under acidic conditions, similar to those encountered in the endosomes,
the pre-pore undergoes conformational changes and converts to a mushroom-shape pore
forming a channel through the plasma membrane [173, 174]. This is a narrow lumen (15 A)
requiring that the catalytic factors, LF and EF, unfold in order to translocate through this

channel [175].

Mutagenic experiments identified residues 488—594 (Domain 3) as being relevant to protein—
protein interactions during the oligomerisation of PAs3. Domain 3 is the smallest of the four
domains but it has a hydrophobic region that directs the formation of the pre-pore [176]. The
C-terminal residues 595-735 comprises the receptor-binding Domain 4, which has limited
contact with other domains. Monoclonal antibodies against the epitope formed by residues

671-721 blocked the interaction of radiolabelled PA with cells [177]. Amino acid
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substitution corroborated that within this region, residues 679-693 are critical for receptor

binding [178, 179].

1.8.3. Lethal factor (LF) and Edema factor (EF)

Translocation of LF and EF through the PA pore into the cytosol triggers a cascade of cellular
metabolic changes leading to cytotoxicity, and potentially cell death. Arora et al. engineered
a potent fusion toxin (FP59) by fusing the truncated N-terminal region of LF (1-254 residues,
LFn) to the domain III of exotoxin A produced by Pseudomonas aeruginosa, which was
capable of killing cells that were resistant to the wild type LT. These experiments
demonstrated that LFn is the domain of LF responsible for the interaction with PAg3
oligomers, and their translocation through the pore channel [ 180]. The remaining C-terminal

domains of both LF and EF contains distinct enzymatic regions.

EF polypeptide contains 767 residues (89 kDa) and it was the first of the two enzymatic
polypeptides of anthrax toxin to be characterised [181]. Leppla demonstrated that EF was an
adenylate cyclase enzyme, able to convert intracellular adenosine triphosphate (ATP) into
cyclic adenosine monophosphate (cAMP) [182]. The catalytic activity of EF requires the
binding of calmodulin and calcium as cofactors. In fact, the presence of EF triggers the influx
of calcium into the infected cells [183]. The resulting increase in cAMP levels has been
shown to alter cellular chemotaxis, and ultimately, EF activity impairs the antimicrobial

response of the immune system (extensively reviewed in [184]).

Aside from causing rapid mortality in vivo, LT can lyse cultured macrophages through an
oxidative burst action [185-187]. LF is a protease (776 amino acid; 90 kDa) and contains a
zinc-binding motif spanning residues 686-690, which is characteristic of the metzincin
superfamily [188]. It was demonstrated that LF cleaves within the N-terminal region near

the kinase domain of MEKs (MAPK/ERK kinase) [189, 190], thus removing a region
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involved in protein—protein interaction. MEKs are enzymes that are involved in MAPK
pathway, thus modulating intracellular signalling pathways through phosphorylation
cascade. LF is able to cleave and inactivate all of the MEKSs, with the exception of MEKS,
and thus it can inhibit the ERK1/2, JNK, and p38 branches of the MAPK pathway [191]. In
fact, consistent with its inhibitory effects on MEK function, LT suppresses the inflammatory
response and the production of inflammatory cytokines by immune cells, which permits

growth and diffusion of Bacillus anthracis [192-194].

1.8.4. Anthrax toxin native receptors

The first step of anthrax toxin entry into host cells is the interaction of PA to its cognate
receptor on the surface [195]. Bradley et al. demonstrated that cells with mutations in the
TEMS gene (ANTXR1) were resistant to PA/FP59 treatment, and when the functional gene
was restored, the cells were able once again to bind to PA, and were sensitive to treatment
[156]. As CMG2 shares 40% amino acid identity with TEMS, it seemed obvious to test it as
a possible second anthrax toxin receptor (ANTXR2) [157]. After demonstrating that CMG?2
is another anthrax toxin, Scobie et al. used a soluble version of the receptor that interacted
with PA in the blood stream, protecting rats injected with LT [196]. CMG2 presents four
different isoforms resulting from alternative splicing. The two larger isoforms are predicted
to be anchored in the plasma membrane and thus able to interact with and internalise PA.
Similarly, TEMS8 presents 3 different isoforms resultant from alternative splicing, the two

larger ones have transmembrane domains and can also act as PA receptors.
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Figure 1.4 Schematic representation of Anthrax toxin receptors isoforms

The different isoforms of capillary morphogenesis gene 2 (CMG2)

and tumour endothelial marker 8 (TEMS8) are presented with their

correspondent fate within a cell comportment or secreted.

Abbreviation: SP = signal peptide; vVWA = von Willebrand Domain;

MIDAS = metal ion dependent adhesion site; TM, transmembrane

domain type I; Cyt = cytoplasmic domain; (based on references [157,

197)).
Both TEM8 and CMG2 are a single-pass type I transmembrane glycoproteins [198]
comprising of different isoforms with distinct domains (see Figure 1.4) [157, 199]. The N-
terminal is the extracellular region characterised by a von Willebrand factor-A (VWA)
domain, which contains the metal ion adhesion site (MIDAs) that binds to divalent ions
allowing the interaction with PA molecules. Even though they present homology in the vWA
domain, TEM8 and CMG?2 bind with different affinities to PA. Liu et al. have demonstrated
in cytotoxic experiments that the PA/CMG2 complex interacts with a 10 times stronger
affinity than PA/TEMS8 complex [200]. Moreover, CMG2 gene ablation confers resistance
to mice challenged with lethal doses of LT while TEMS null mice do not present resistance,
demonstrating that CMG?2 is the major receptor for anthrax toxin [201]. The C-terminal,
cytoplasmic tail, is relevant for internalisation, requiring a post-translational modification

with a saturated fatty acid molecule (palmitate) [202]. This palmitoylation of the receptors

in the cytoplasmic tail secures the correct transport of PAs3z molecules to micro-domains of
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the plasma membrane and correct oligomerisation of the PAes3 pre-pore [169]. Another
important feature of this domain is the presence of tyrosine residues. Abrami et al. has
demonstrated that replacement of these residues delays toxin uptake due to hindrance of Src-
dependent phosphorylation for its subsequent ubiquitination, which is required for clathrin-

mediated endocytosis [203].

The physiological role of these receptors is still being determined, nevertheless, in vitro data
demonstrated that TEM8 and CMG?2 interacts with the ECM through its extracellular vWA
domain, and both receptors are involved in cell adhesion, migration, and modulation of the
ECM itself [204]. Moreover, the cytoplasmic tails of both TEM8 and CMG2 link to the actin
cell cytoskeleton allowing a physical interaction that is necessary for cell migration and
angiogenesis. CMG2 binds to laminin, collagen IV and VI [205, 206], being responsible for
the modulation of the latter and maintenance of the ECM homeostasis. In contrast, TEMS8
ligands include domain CS5 of collagen VI and collagen I [207] which are both pro-

angiogenic extracellular matrix components.

In vivo, deletion of TEMS in knockout mice resulted in leaky vessels in the skin due to a
thinner endothelial basal membrane. In contrast, the fibroblasts in these mice presented an
increase in fibre-forming collagens, resulting in fibrosis in the skin and internal organs [208,
209]. This phenotype is equivalent to the human recessive genetic disease named GAPO,
where the TEMS gene is mutated, resulting in extracellular-matrix-homeostasis defects and

deposition of ECM in different organs [210].

The initial studies of TEM8 and CMG2 expression demonstrated their presence in
endothelial cells present in cancer or tubule formation during angiogenesis, respectively
[205, 211]. However, later studies made clear that both receptors are more widely expressed.

In mouse tissue both were detected by Western Blot analysis in lung, skin and small
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intestines, with the association of TEMS with the epithelial lining in these organs confirmed
by immunohistochemistry [197]. Similarly, CMG2 was detected in a variety of cell types

within lungs, intestine, and skin organ [212].

The discovery of the involvement of TEM8 and CMG2 in angiogenesis has resulted in
targeted treatment for antiangiogenic therapy [213]. In breast cancer, higher expression
levels of TEMS8 have been linked to metastasis and cancer progression. Additionally, The
Human Protein Atlas reports TEMS8 as an unfavourable prognostic marker for thyroid and
cervical cancer [214]. In a lung cancer model, Gong et al. demonstrated that TEMS is
involved in proliferation, migration and cell survival [215]. In fact, in preclinical
experiments using different tumour models, antibodies against TEMS inhibited cancer
growth due to their antiangiogenic effect [216, 217]. Similarly, Rogers et al., demonstrated
that a PA mutant that remains bound to CMG2 and TEMS8 (named PASSSR), prevents them
from interacting with their physiological substrates, leading to inhibition of angiogenesis
and tumour growth in mice [218]. A recent study performed with human patients showed
that CMG2 was highly expressed in gastric cancer tissues and the expression levels were
associated with invasion depth and lymph node metastasis, and inversely correlated with
survival [219]. Further characterisation demonstrated that the phenotype of the stem-like
cancer cells was dependent on CMG2 expression and activation of Wnt/p-catenin pathway
through the co-receptor lipoprotein-receptor-related protein 6 [219, 220]. Thus, CMG2 and
TEMS appear relevant receptors in cancer progression and a better understanding in their

biology would be advantageous.

1.8.5. Variants of anthrax toxin for cancer therapy

Anthrax toxin has a unique cell entry mechanism that could be adapted for cancer therapy.

Changing the furin-cleavable sequence in PA, making it more labile to tumour-associated
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proteases would result in a preferential tumour-cell killing anthrax toxin [221]. With this in
mind, our collaborators, Leppla et al. engineered and produced anthrax toxin variants. The
MMP proteases were investigated because their increased activity in different cancer types
is linked to cancer aggressiveness and poor prognosis for cancer patients, as explained above
[68]. Our collaborators have developed mutated PA proteins, PAL1 and PAL2, in which the
furin recognition site was replaced by sequences susceptible to MMP2, MMP9, MMP14 and
possibly other MMPs. These two sequences were modelled after the MMP cleavage site in
the al chain of type I collagen, but contain substitutions that enhance cleavage by MMP2
and MMP9, based on previous work by Netzel-Arnett el al. [222]. When combined with the
fusion toxin FP59, these PA proteins showed selective killing of MMP-overexpressing
human tumour cell lines while sparing non-tumour cells when grown together in a co-culture
model, indicating that PAL1 activation and delivery of FP59 occurred on the tumour cell

surface [223].

In combination with LF, PAL1 exhibited anti-tumour efficacy in tumour xenografts [224].
MMP-activated LT had higher specificity to human tumour xenografts and a much lower
toxicity to mice than the wild-type LT [225]. Surprisingly, cell lines which were resistant to
PALI/LF treatment in vitro became sensitive after being engrafted in the mouse, resulting
in necrosis and reduction of tumour vasculature [226]. These initial findings were further
investigated and the LF-mediated anti-angiogenic effects were attributed to inhibition of
ERK1/2, JNK and p38 MAPK activation, which are linked to endothelial invasion and
neovasculature formation [227]. Moreover, when injected into the blood stream PAL1
displayed lower immunogenicity when compared with the wild-type toxin [226], possibly
due to its increased resistance to proteolysis by enzymes present in the serum when

compared to PA wild type [228].
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1.9. Outline and aims of the thesis

Engineered LT variants targeting MMP activity have previously presented therapeutic effect
in cancer models [225]. The mechanism of cell-entry of LT toxin requires that both LT
components are on the cell surface in order to allow PAL1 pore formation and delivery of
LF [223], thus, giving an opportunity to evade targeting MMPs present in the body fluids
[99]. Hence, in the present work, the experimental hypothesis tested is that radiolabelled
engineered anthrax toxin can detect MMP activity in cancer models by SPECT, a previously

unexplored strategy (see Figure 1.5).

A) Radiolabelling B) Mechanism of imaging C) Sche.me )
Tumour model — MMP positive and ANTXR SPECT imaging
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Figure 1.5 Project outline

Schematic representation of the thesis. A) Simplified radiolabelling
reaction of non-toxic variants of Lethal Factor (LF) and in vivo
experimentation in tumour models with the engineered variants of
anthrax toxin. B) Mechanism of matrix metalloproteinases (MMP)
activation of PAL1 and pore formation allowing radioactive delivery
to tumour cells of radiolabelled LF variants. C) Imaging of tumour
by SPECT based on radiolabelled probes of anthrax toxin targeting
MMP activity and anthrax receptors (ANTXR).

The aim of the present thesis was to develop a novel way to non-invasively image MMP

activity in tumour tissue. We used a radiolabelled engineered non-toxic anthrax toxin version
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(PALI/LFE¥74) in combination with SPECT/CT imaging. Chapter 1, this chapter, lays out
the importance of MMP proteolytic activity in tumour biology. The relevance of assessing
MMP activity was examined because of its central role in tumour progression,
aggressiveness and metastasis. The challenges of using MMP activity as a tumour biomarker
were highlighted, namely structural similarities among the different MMPs resulting in
overlap of substrate recognition and its presence in the blood stream. Highly relevant to the
present thesis, the different strategies developed to date to image MMPs using different
imaging modalities were described. The opportunities and drawbacks of each modality were
discussed, and the necessity to pursue novel strategies was emphasized, considering the
complex biology of MMPs. A unique cell-entry mechanism of the A-B type anthrax toxin
was modified by our collaborators to target MMP activity and two relevant cell receptors,
CMG2 and TEMS, on the surface of tumour cells. In the next chapter, Chapter 2, the
experimental methods and the materials used to the development of this project are

described.

The validation of anthrax toxin as an MMP activity targeting system are examined in
Chapter 3. Cell free assays, exposing different variants of PAs to MMP2, MMP14 or furin
were performed to elucidate the cleavage susceptibilities of the different PA variants. A
panel of cancer cell lines was characterised for the different components relevant for the
toxin delivery system. Cell viability assays were performed with or without MMP inhibitors
to determine the dependence of engineered anthrax toxin to MMP activity. Fluorescently
labelled versions of the engineered toxin were investigated in cell uptake experiments by
confocal microscopy. Additionally, the cellular co-distribution of MMP14 and CMG2 was
investigated. Chapter 4 describes the development of radiolabelled anthrax toxin variants
and their evaluation in a variety of cell-based assays to elucidate the impact of the

radiolabelling reaction in binding affinity, specificity, cytotoxicity and stability. The
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abundance of CMG2 and TEMS receptors present in the cell membrane was assessed using
radiolabelled PA in the tumour cell line panel. In Chapter 5, in vivo experiments are
described using radiolabelled LT components. The pharmacokinetic parameters of
radiolabelled anthrax toxin were evaluated by SPECT/CT image analysis. The variant which
presented optimal pharmacokinetics for the binary imaging system was used in subsequent
experiments to analyse MMP activity in tumour bearing mice. In Chapter 6, the findings of
the preclinical study are summarised, highlighting and discussing the limitations of the
anthrax toxin-based MMP imaging agent. To conclude, possible future avenues derived from

the current work are proposed and discussed.
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Chapter 2
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2. Chapter 2: Materials and Methods

2.1. Lethal toxin variants

All components of Bacillus anthracis lethal toxin (LT) were expressed and purified by our
collaborators from the National Institute of Health (NIH, United States) and were kindly
provided by Dr Leppla [229]. Briefly, proteins secreted by the non-virulent B. anthracis
strain BH500 were adsorbed to Phenyl-Sepharose by addition of solid ammonium sulphate,
eluted with low salt, and then submitted to chromatographic purification using Q-Sepharose
and hydroxyapatite columns [230]. Fractions containing the desired proteins were combined,
dialysed, and evaluated for purity using SDS-PAGE and frozen. Samples were shipped on
dry ice and stored at -80°C until further use. All protein batches were analysed by liquid

chromatography mass spectrometry analysis and SDS-PAGE to confirm purity.

Wild type protective antigen (PAWT; 83 kDa) is cleavable by furin and other furin-like
enzymes [231]. Here, we also used a PAWT variant containing an engineered cysteine
(PAWTKSC; 83 kDa) [232]. PALI has the furin cleavage site replaced by a sequence
targeted by matrix metalloproteinases (MMP) such as MMP2, 9 or 14 (PAL1; 83 kDa) [233],
whereas in PAU7 an uncleavable sequence was inserted (PAU7; 83 kDa) [234]. Lethal factor
(LF) variants included the fusion toxin of the N-terminal translocation domain of LF (LFn,
LF amino acids 1-254) and Pseudomonas aeruginosa exotoxin A domain III (FP59; 53 kDa)
[234], LFn modified with a cysteine residue at the C-terminus (LFn; 30 kDa) [235] and full

length mutant LF%7A (90 kDa) containing a defective catalytic domain [236].

2.2. In vitro cleavage assay

To evaluate the susceptibility to enzymatic cleavage of the different PA variants ten pg of
PAs were incubated with 50 nM of active human recombinant MMP2 (62 kDa, Sigma,

Dorset, UK), furin (64 kDa, Abcam, Cambridge, UK) or furin pre activated proMMP14 (34
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kDa, R&D systems, Abingdon, UK) in 50 uL of assay buffer below. The reaction was
incubated for 16 h at 500 rpm at 37°C ThermoMixer C (Eppendorf, Stevenage, UK). Ten
pL aliquots of each sample was prepared with SDS loading sample buffer (containing 10
mM Dithiothreitol), denatured by heating (10 min at 70°C) before loading gel. Sample
aliquots were separated by SDS-PAGE using 4-12% gradient Tris-glycine gel (Novex, San
Diego, CA). Additionally, PAL1 and PAU7 cleavage was analysed by intact protein Mass

spectrometry.

Table 2.1 Cell-free cleavage assay buffers for PA samples.

Buffer Composition Enzyme
Activation 50 mM Tris (pH 9.0), 1 mM CaCly, Pro-MMP14
0.5% [v/v] Brij-35, 0.86 pg/mL
furin; 1 h 30 min; at 37 °C; 500 rpm

Assay 50 mM Tris (pH 8.5), 3 mM CaCly, MMP14
1 HM ZnClz
Assay 50 mm HEPES (pH 7.5), 150 mm MMP2 & Furin

NaCl, 0.2 mm EDTA, 0.2, 100
pg/ml ovoalbumin, 1.0 mm CaCls,
and 1.0 mm MgCl,

2.3. Intact protein LC-MS

LT components were submitted to intact protein mass spectrometry analysis in order to test
purity, cleavage or protein modifications. Dr Georgina Berridge (Targeted Discovery
Institute, Oxford University, UK) performed these analyses. Reverse-phase chromatography
was performed in-line prior to mass spectrometry using an Agilent 1290 HPLC system
equipped with a Zorbax 300SB-C3 column (4.6x150 mm), using 0.1% formic acid in
ultrahigh purity water (solvent A) and 0.1% formic acid in methanol (solvent B) as the
mobile phase, using gradient elution as follows: 95% A and 5% B and a flow rate of
0.6 ml/min for 2 min followed by a linear gradient 95% B over 5 min. Protein intact mass
was determined using Jetstream electrospray ionisation into an Agilent 6550 IMQTof
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operated in positive-ion mode. The ion source was operated with the capillary voltage at
4000 V, nebulizer pressure at 20 psig, drying gas at 150°C, and drying gas flow rate at
5 L/min and sheath gas 12 L/min. Data analysis was performed using the Mass Hunter
Qualitative Analysis Version B.07.00 Agilent software. The deconvoluted mass for each

protein was compared with the theoretical mass of the proteins.

2.4. Cells and cell culture

Breast (MCF7; MDA-MB-231), pancreatic adenocarcinoma (CAPANT1) and fibrosarcoma
(HT1080) human cancer cell lines were obtained from American Type Culture Collection
(ATCC). KPC-mouse-derived B8484 cells were provided by Professor Owen Sansom at the
CRUK Beatson Institute, Glasgow, UK [237]. Cells were cultured in complete Dulbecco’s
Modified Eagle Medium (DMEM; Sigma, Dorset, UK) supplemented with 10% fetal bovine
serum (FBS; ThermoFisher Scientific, Paisley, UK), 2 mM L-Glutamine, 50,000 units of
penicillin and 0.1 mg/mL streptomycin (Sigma, Dorset, UK), and incubated at 37°C, 5%
CO:. Chinese Hamster Ovarian (CHO) cells were genetically modified to overexpress either
of anthrax toxin’s natural receptors CMG2 or TEMS8 as described [200] and were kindly
provide by Dr Leppla (NIH, United States). Transfected CHO cells were cultured in Ham's
F-12K Medium Kaighn's (Life Technologies) supplemented with 500 pg/mL hygromycin-
B (Insight Biotechnology, Wembley, UK), 10% FBS, 2 mM L-Glutamine, 50,000 units of
penicillin and 0.1 mg/mL streptomycin (Sigma, Dorset, UK). All cells were authenticated
by their supplier, and cultured no longer than 20 passages after resuscitation from liquid

nitrogen storage.

2.4.1. Cytotoxicity assay

The ability of the different PA variants to permit intoxication of the panel of cancer cell lines
was determined by MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
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bromide) after exposure of cells to PAWT, PALI, or PAU7 in combination with the potent
fusion toxin FP59 [238]. Cells were harvested using trypsin (Sigma, Dorset, UK) and seeded
in 96-well plate (3,000 — 5,000 cells/200 pL) and incubated in humid cell incubator 37°C
and 5% COz. At 80% confluence, 100 pL of the conditioned media was replaced with
PAWT, PALI1 or PAUT7 at different concentrations combined with FP59. At different time
points MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5 diphenyltetrazolium bromide, Sigma,
Dorset, UK) was added to a final concentration of 0.5 mg/mL and incubated for 2 h at 37°C.
The insoluble reduced MTT salt was dissolved by dimethyl sulfoxide (DMSO, Sigma) after
removal of cell cultured media. Absorbance at 495 nm was measured at plate reader Infinite-

proM200 (Tecan, Mannedorf, CH) and considered as a signal of cell viability.

To investigate PA activation by MMP hydrolysis, cells were washed three times with serum
free media and pre-incubated with the broad spectrum MMP inhibitor GM6001 (Abcam,
Cambridge, UK) for 30 min prior to adding LT components. After 6 h of incubation at 37°C,
cells were washed three times and a fresh supplemented cell culture media was added. After

48 h of incubation at 37°C cell viability was determined by the MTT assay.

2.4.2. Gelatin zymography

To determine the levels of MMP2 (62 kDa) and MMP9 (82 kDa) secreted in the cultured
media (named conditioned media) cells were seeded into 6-well plates (250,000 cells/well)
and incubated overnight at 37°C, 5% CO». At 70-80% confluence cells were washed twice
with serum-free culture media and incubated at 37°C overnight. Subsequently, conditioned
media was harvested and any cell debris was removed by centrifugation at 8,800 x g for 10
min at 4°C. Enzymes secreted in the conditioned media were concentrated using centrifugal
filters (Millipore) with a 10 kDa cut-off at 17,300 x g, 4°C for 10 min. After this step samples

were either used immediately, or stored at -80°C until use. Aliquots of five microliters of
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concentrated sample were mixed with Tris-Glycine SDS sample buffer (Novex, San Diego,
CA) and loaded in a 10% gelatin gel (Novex, San Diego, CA). After electrophoresis, the gel
was washed in dH>O and incubated with renaturing buffer (Novex, San Diego, CA) for 30
min at room temperature under gentle agitation. Subsequently, developing buffer (Novex,
San Diego, CA) was used to equilibrate the gel for 30 min, after which the gel was incubated
at 37°C for 30 h with fresh developing buffer. In control experiments, the broad-spectrum
MMP inhibitor GM6001 (30 uM; Abcam, Cambridge, UK) was added in the developing
buffer. Gels were stained with SimplyBlue SafeStain solution (Thermo Scientific) for 3 h to

visualise digested gelatin as non-stained bands in the gel.

2.4.3. Cell lysates and immunoblotting

Cells were cultured in T-175 ¢cm? cultured flasks at 80% confluence were washed twice with
ice cold PBS before being harvested (10 mL PBS). Cells were placed in pre-chilled tubes on
ice and centrifuged at 500 x g, 5 min at 4°C to remove any excess of PBS. Total cell lysates
were prepared incubating packed cell volume 1:1 [v/v] for 30 min on ice using
radioimmunoprecipitation assay buffer (RIPA; 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1%
Triton X-100, 0.5% sodium deoxycholate; Sigma, Dorset, UK) prepared with EDTA free
protease inhibitor cocktail (Roche, Germany). Cell suspensions were sonicated three times
at 50% amplitude using a 30 sec on/ 10 sec off cycle. Homogenised cell lysates were cleared
by centrifugation at 16,500 x g at 4°C for 20 min. Protein concentration of the supernatant

was determined using the colorimetric bicinchoninic acid assay (BCA) (Sigma, Dorset, UK).

To prepare samples enriched with proteins present in the plasma membrane, a separation of
subcellular compartments of protein extracts was performed. To achieve that after harvesting
cells and preparing the packed cell volume the subcellular protein fractionation kit for

cultured cells (Thermo Fisher Scientific, Catalogue number 78840) was used according to
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manufacturer’s guidelines with all buffer and protein inhibitors provided. Membrane
fraction was further homogenised and cleared as described above, and protein concentration

of the supernatant was determined by BCA assay.

Protein samples were separated in a denaturant pre-cast SDS-PAGE gel (Thermo Fisher
Scientific, Paisley, UK). Protein was transferred to polyvinylidene difluoride membrane
using a tank blotting system (Bio-Rad, Watford, UK). Membranes were blocked using TBS
buffer (Santa Cruz Biotechnology, Wembley, UK) with 0.5% [v/v] Tween-20 and 5% [w/V]
skim milk (both supplied by Sigma, Dorset, UK). Blots were incubated with appropriate
primary antibodies in blocking solution overnight at 4°C (Table below). Next day, blots were
washed three times for 10 min each in TBS with 0.5% [v/v] Tween-20 and incubated with
the appropriate secondary horseradish peroxidase conjugated antibodies for 1 h at room
temperature. Subsequently, blots were washed and then incubated for 5 min in enhanced
chemiluminescence reagents (Thermo Fisher Scientific, Paisley, UK) and exposed to X-ray

film (Kodak, New York, UK).
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Table 2.2 Antibodies used for immunoblotting or immunofluorescence experiments

Antibodies Species Supplier Dilution Molecular
Weight
'MMP14[EP1264Y]  Rabbit Abcam, UK 1:2,000 66 kDa
TEMS[AB21270] Rabbit Abcam, UK 1:2,000  All isoforms (45
kDa)
3CMG2[AF2940] Goat R & D systems 1:2,000 All isoforms
55 kDa
Furin[SC-133142] Mouse Santa Cruz 1:100 60 kDa
Biotechnology, UK
Protective Antigen Mouse Abcam, UK 1:2,000 83 and 63 kDa
[BAP0105]
B-Actin [AB8227] Rabbit Abcam, UK 1:10,000 42 kDa
Goat anti-Mouse “IgG~ Mouse Bio-Rad, UK 1:3,000 Not applicable
(H/L) SHRP
Goat anti-Rabbit IgG ~ Rabbit Invitrogen, UK 1:3,000 Not applicable
(H/L) HRP
Rabbit anti-Goat IgG Goat Abcam, UK 1:3,000 Not applicable
(H/L) HRP

'MMP: Matrix Metalloproteinases, “TEMS8: Tumour endothelial marker 8; *CMG2: Capillary
morphogenesis gene 2; *IgG: Immunoglobulin; >(H/L):heavy and light chain; *HRP: Horseradish
peroxidase,

2.5. Fluorescent labelling of LF%7A and LFn

To allow subcellular visualisation of LF variants two distinct fluorophores presenting non-
overlapping excitation and emission spectra were selected. Cyanine3 (Cy3) NHS ester (GE
Healthcare, Amersham, UK) was conjugated to LFE®87A and LFn molecules were labelled
with Alexa Fluor® 488-NHS (Life Technologies, UK). The bioconjugation reaction was
performed according to the manufacturer instruction using 200 pg of protein and a 10-fold
molar excess of the dye in sodium carbonate buffer (pH 9.5). The reaction mixture was
incubated at 25°C for 2 h under continuous agitation at 550 rpm using a ThermoMixer C

(Eppendorf, Stevenage, UK). Molecules of non-conjugated dye were separated from
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fluorescently labelled protein (Cy3-LFES¥74 or AF488-LFn) by gel filtration chromatography
using Sephadex G—25 resin (LFn) or Sephadex G-50 (Sigma, Dorset, UK) in mini-columns
(height 90.0 x diameter 5.0 mm). Protein samples were eluted using 100 uL PBS for each
fraction. The absorbance of these fractions was measured at 280 nm wavelength, to
determine protein concentration, and at wavelengths of 550 nm for samples containing Cy3
or 495 nm for samples labelled with AF488 using nanodrop system (Thermo Fisher
Scientific, Paisley, UK). The number of dye molecules conjugated was determined

according to the manufacturer.

2.5.1. Cell uptake of Cy3-LFt687A or AF488-LFn

Confocal microscopy was used to visualise the subcellular localization of AF488-LFn or
Cy3-LFE87A in HT1080 and MCF7 cells. Sterile round glass coverslips (ThermoFisher
Scientific, Paisley, UK) were dipped in 70% ethanol and placed in the bottom of 24-well
plates. Aliquots of 50,000 cells/mL were seeded and left overnight to allow cell adherence.
Conditioned media prepared with 300 ng/mL AF488-LFn or Cy3-LF"%74 in the presence or
absence of 1200 ng/mL PAWT or PALI was incubated for 2 h at 37°C. After treatment the
cells were washed 3 times with cold PBS and fixed for 10 min at room temperature with 4
% [v/v] paraformaldehyde (Sigma, Dorset, UK) in PBS. Coverslips were gently placed on
glass slides (Thermo Fisher Scientific, Paisley, UK) containing VECTASHIELD mounting
media and DAPI (Vector Laboratories, Peterborough, UK) for visualisation of cell nuclei.
The slides were imaged with 63x oil objective using a Leica TCS SP8 (Leica, Milton Keynes,

UK) laser scanning confocal microscope.

2.5.2. Live cell imaging

To allow subcellular visualisation of LT components simultaneously in live cell imaging

analysis, two distinct fluorophores presenting distinct excitation and emission spectra were
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selected. Cy3-NHS (GE Healthcare, Amersham, UK) was conjugated to PAL1 or PAWT

molecules, whereas LFF%74 and LFn where labelled with Alexa Fluor® 488-NHS.

Live cell imaging microscopy was performed with CAPAN1 and MCF7 cells exposed to
fluorescently labelled LT components. Cells were seeded in 35 mm imaging dishes (IBIDI,
Uddingston, Glawgow) using Opti-MEM™ media without phenol red supplemented with
10% FBS (both provided by Thermo Fisher Scientific, Paisley, UK), 2 mM L-Glutamine,
50,000 units of penicillin and 0.1 mg/mL streptomycin (Sigma, Dorset, UK) — and incubated

at 37°C, 5% CO; overnight.

Before imaging cells, nuclei were stained using 1 pg/mL Hoechst 333442 (Thermo Fisher
Scientific, Paisley, UK) in PBS for 10 min at room temperature. Conditioned media prepared
with 300 ng/mL AF488-LFn or AF488-LFE6%74 in the presence or absence of 1200 ng/mL
Cy3-PAWT or Cy3-PALI was added to the cells. Images were acquired using a confocal

microscope (LSM 780 microscope, Zeiss, Cambridge, UK).

2.6. Immunocytochemistry

To visualise the localization of MMP14 and CMG2 on cell surfaces simultaneously, cells
were seeded on gelatin-coated coverslips in 24 well plates and left overnight to adhere. Cells
were washed twice with ice-cold PBS and stained with rabbit anti-MMP14 (Abcam,
ab51074, EP1264Y, 1:200) and goat anti-CMG2 (R&D, AF2940, 1:200) for 1 h at 4°C. The
cells were then washed three times with ice-cold PBS and fixed in 4% PFA for 10 min at
room temperature, incubated in PBS containing 5% donkey serum (Sigma, Dorset, UK) for
1 h at room temperature, and then stained with donkey anti-goat IgG Alexa Fluor 488 (Life
Technologies, 1:2000) and donkey anti-rabbit IgG Alexa fluor 594 (Life Technologies,
1:2000) for 1 h at room temperature. Following three washes with PBS, coverslips were

mounted using VECTASHIELD containing DAPI (Vectorlabs). The slides were imaged
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using a 63X oil objective on a Leica TCS SP8 (Leica, Milton Keynes, UK) laser scanning
confocal microscope. Then, Pearson coefficients were calculated using the JACoP plug-in
for Image J (methods of Manders for spatial intensity correlation analysis with Costes

method for automatic thresholding).

2.7. Radiolabelling of LT components

All radiolabelling was performed using Chelex 100 (Bio-Rad, Watford, UK) treated
nanopure water to generate buffers. Diethylenetriaminepentaacetic acid maleimide
(maleimide-DTPA, CheMatech, Dijon, FR) was conjugated to LFn or PAWTKX6C and
isothiocyanatobenzyl-diethylenetriamine-pentaacetic acid (p-SCN-Bn-DTPA,
Macrocyclics, Texas, USA) was used to modify PAL1 or LFE87A, A tenfold molar excess
of chelator was used to modify 200 pg of protein in 100 pL PBS buffer (pH 7.4; maleimide
reactions) or 100 uL Sodium Carbonate buffer (pH 9.5; isothiocyanate reactions). The
reaction mixtures were incubated for 2 h under agitation (550 rpm) at 25°C in a Thermomixer
C (Eppendorf, Stevenage, UK). Free chelator molecules were removed from protein-bound
DTPA by size exclusion chromatography using a mini-column (90 x 5.0 mm) with Sephadex
G-25 resin (only LFn) or Sephadex G—50 (Sigma, Dorset, UK) eluted with PBS. Absorbance
at 280 nm was determined for each fraction eluted using nanodrop system (Thermo Fisher
Scientific, Paisley, UK). Pooled fractions of DTPA bound to protein was concentrated to 2
mg/mL. PBS was exchanged to 0.5 M MES Buffer pH 5.5 using centrifugal filters

(Millipore, Watford, UK) with three centrifugation steps at 17,500 x g (4°C).

Radioactivity was measured using a dose calibrator (Capintec, New Jersey, USA).
Radiolabelling was performed with 20 MBq or 10 MBq of indium-111 (*!'In) chloride (0.02
M HCI, Mallinckrodt) buffered (0.5 M MES Buffer pH 5.5) added to 20 pug of Bn-DTPA-
LFE87A " Bn-DTPA-PAL1, DTPA-PAWTX%3C or DTPA-LF. The reaction mixture was
incubated at room temperature for 2 h. The radiolabelling purity of [!!'In]In-DTPA-LFE874,
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[!"'In]In-DTPA-PALI, ['"'In]In-DTPA-PAWTXC or ['"n]In-DTPA-LFn, samples was
determined by instant thin-layer chromatography (iTLC) using 0.1 M Citrate Buffer at pH
5.5 (Sigma, Dorset, UK) as the mobile phase and strips of glass microfiber chromatography
paper (Agilent, USA) impregnated with silicic acid as the stationary phase using a radio-

TLC AR-2000 imaging scanner (Eckert & Ziegler, Germany).

2.7.1. Stability of radiolabelled LT components

To mimic tracer stability in vivo, all LT radiolabelled components were incubated with
commercially available mouse serum (Sigma, Dorset, UK). After radiolabelling reaction,
compounds (1 MBq in 10 pL) were incubated in 500 pL of mouse serum at 37°C under
agitation (300 rpm, Eppendorf, UK). At each time point, 5 pL of the mixture was removed,
added to sample buffer (without denaturing agent), and heated (10 min, 70°C) before being
analysed by SDS-PAGE. Samples were onto a 4-12% Bis-Tris protein gel (170 V, 40 min).
The gel was then exposed to Super Resolution Phosphor screens (Type SR, PerkinElmer)
and developed on the Cyclone Plus Storage Phosphor system (Perkim Elmer). For reference,
the gel was stained with coomassie stain (SimplyBlue™) to correlate each radioactive band
to specific protein weights. To evaluate in vitro stability mimicking cell-based assays, tracer
stability was also analysed in 500 pL of PBS and incubated at 37°C (at 300 rpm) and

analysed by iTLC as described above.

2.7.2. Saturation binding assay

Radioligand saturation cell binding experiments were carried out to determine the apparent
affinity constant (Kp) and maximum number of binding sites (Bmax) on cancer cells for
Hn-[""In]In-DTPA-PAL]1 or [!''In]In-DTPA-PAWTX®%3¢ and membrane anthrax
receptors. Briefly, 50,000 cells/well were plated and incubated overnight in a 24 well plate

at 37°C, 5% CO,. Adherent cells were then washed twice with PBS and fixed for 10 min at
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room temperature with 4 % [v/v] paraformaldehyde (Sigma, Dorset, UK) in PBS. The
fixative agent was removed and cells were washed two times with PBS and incubated with
blocking buffer consisting of 10 % FBS (ThermoFisher Scientific, Paisley, UK) in PBS for
1 h at room temperature. The total number of cells was determined from a different plate
that was not fixed. After trypsinisation live cells were counted using an automated cell
counter Countess II and trypan blue solution 0.4% [w/v] (both provided by ThermoFisher
Scientific, Paisley, UK). Saturation binding assays were performed with increasing
concentrations (0—50 nM) of radiotracer in blocking buffer (10 % FBS in PBS) in a total
volume of 300 pL for 3 h at room temperature. Cells were then washed twice with ice-cold
PBS to remove unbound radioactivity and subsequently dissolved in 2 M NaOH and
measured in an automated gamma counter 2489 WIZARD? (PerkinElmer). Kp and Bumax
values were obtained using non-linear regression using a one-site saturation binding model
assuming that the amount of nonspecific binding was proportional to the concentration of

radioligand added, using GraphPad Prism.

2.7.3. Cell internalisation of radiolabelled LFE%7A and LFn

Cell internalisation assays with either 25 nM of [''In]In-DTPA-LFE687A or [!!!In]In-DTPA-
LFn was performed to evaluate their capacity to interact with PA pores and be delivered to
cells after the radiolabelling reaction. First, 50,000 cells were seeded in 24-well plates and
incubated for 48 h at 37°C, 5% CO,. Cells were exposed to either ['''In]In-DTPA-LFE87A
or ['"In]In-DTPA-LFn in the presence or absence of 80 nM of different PA variants for 3 h
at 37°C using 300 puL of conditioned cell media. Blocking experiment with an excess of
unlabelled LFn or LFE6%7A was achieved with a pre-incubation of a 10-fold excess for 30 min
prior to addition of radiotracer and 80 nM PAs. Cells were then washed twice with ice-cold
PBS to remove unbound radioactivity and subsequently dissolved in 0.1 M NaOH. Cell

lysates were placed in gamma counting tubes and had their radioactivity detected by
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automated gamma counter 2470 WIZARD? (PerkinElmer). The amount of radioactivity was
normalised by the protein content determined by BCA (Sigma, Dorset, UK) assay and used

to normalize the values of radioactivity associated with cells.

2.7.4. Stability of radiolabelled LF%7 interaction with PA pre-pores

To assess the affinity of ['!!'In]In-DTPA-LFF74 to PA (pre)pores, CHO-CMG2 cells were
plated at a density of 250,000 cells/well in 24-well culture plates. After complete cell
adhesion the medium was replaced with DMEM containing saturating concentrations (80
nM) of purified PAU7, PAL1 or PAWT and plates were placed at 4°C for 16 h to allow the
cleavage but not the internalisation of PA pre-pores. The medium was removed by
aspiration, and the cells were washed gently 3 times with ice cold PBS. DMEM containing
various concentrations of [!!'In]In-DTPA-LFE%74 in 300 uL was placed on the plates well.
Plates were incubated at 4°C for 2 h. The medium was aspirated, and the monolayers were
washed twice with ice cold PBS to remove unbound proteins. Cells were solubilized with
0.1 M NaOH and transferred to individual tubes. The radioactive content of [!!'In]In-DTPA-
LFES87A agsociated with the cells was measured using an automated gamma counter (Perkin
Elmer). To confirm the formation of PA cleaved pre-pores bound to CHO-CMG2 cell
receptors, Western blot analysis were performed according to section 2.7 (described above)
against PA protein using cells that were incubated with either PAU7, PAL1 or PAWT for 16

h at 4°C to ensure that PA fragments (PAs3, 63 kDa) would remain on the cell surface.

2.8. In vivo experiments

All animal procedures were performed in accordance with the UK Animals (Scientific
Procedures) Act 1986 and with local ethical committee approval. Mice were housed in

individually ventilated cages in sex-matched groups of up to 6 per cage in an artificial day-
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night cycle facility with ad libitum access to food and water. No animals were euthanised

for welfare reasons.

2.8.1. PharmacoKkinetic of radiolabelled LF variants in naive mice

To measure plasma clearance of the heart, dynamic SPECT/CT chest gated (2 bed positions;
30 s per bed position) imaging was performed after intravenous administration, through a
cannula inserted in the tail vein, of [!!!'In]In-DTPA-LFn (3 pg, 3 MBq; 100 uL) or [!!'In]In-
DTPA-LFES87A (10 ug, 10 MBq; 100 pL) in tumour naive female 8-9 weeks old C.B-17
SCID (Charles Rivers, Harlow, UK) mice (n = 3). During cannula implantation and imaging

session mice were anaesthetised by isoflurane inhalation 2.5 % [v/v].

2.8.2. Xenograft tumour models

Tumour xenografts were generated by subcutaneous injection of MDA-MB-231 (5x10°
cells/ 100 pL 1:1 matrigel, PBS), CAPANI (5x10° cells/ 100 uL PBS) or HT1080 (1x10°
cells 100 pL. PBS) cell suspensions in the hind flank of SCID animals. A single tumour was
implanted per animal. Tumour growth were determined with manual calliper measurements
using the following equationV = (a X b X c)/2, where a is the width of the tumour, b is
the length and c the height of the tumour. Animals were used for further studies when tumour

volume exceeded 0.2 mL, as measured by calliper, after randomisation into groups.

2.8.3. Pharmacokinetic of radiolabelled PA variants in tumour bearing-mice

To determine the pharmacokinetics of PA variants in vivo, dynamic whole-body SPECT
images (10 bed positions; 30 s per bed position) were acquired in tumour-bearing mice over
3 h after intravenous injection of ['''In]In-DTPA-PALI or ['''In]In-DTPA-PAWTX4C (10
MBq, 20 pg, 100 pL). Subsequently whole-body CT images were acquired. Data was

reconstructed and analysed as section. Three mice were used per group.
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2.8.4. Imaging of radiolabelled LFE6874

MMP-activatable, PALI-mediated uptake of radiolabelled LF was evaluated in a pre-
targeting-inspired setup. MDA-MB-231 tumour xenograft-bearing mice were administered
with [!''In]In-DTPA-LFE7A (10 MBq, 10 ug, 50 uL) by intravenous injection, together
with PALI (20 pg, 50 pL). To determine the PAL1 selectivity of tumour uptake, and thus
of MMP-mediated uptake, groups of control animals were administered [!!'In]In-DTPA-
LFE37A alone, or in combination with PAWT (20 ug, 50 uL), PAU7 (20 ug, 50 uL), or with
PALI1 and an excess of unlabelled LFE%7A (1 mg, 100 pL). Whole Body list mode acquisition
SPECT imaging (10 bed position; 30 s per bed position; 5 min) was performed 3 h and 24 h

after administration of ['!'In]In-DTPA-LFE687A/PA combinations. Three mice were used per

group.
2.8.5. SPECT/CT imaging and reconstruction

SPECT/CT images were acquired using a VECTor*CT scanner (MILabs, Utrecht, the
Netherlands) equipped with a HE-UHR-RM collimator containing pinhole apertures of 1.8
mm diameter. Data were acquired in list mode (photo peak collection 0-1200 keV) using
MILabs acquisition software v7.15. Triple-energy-window based scatter correction was
applied for a photon peak window (140-200 keV). All images were reconstructed with
MILabs reconstruction software v3.24 on 0.8 mm isotropic 3D voxel grids using dual matrix
similarity regulated ordered-subset expectation maximization (dual matrix SROSEM).
Dynamic scans were reconstructed into 2-min time bins, considering energy widow set over
the 173 keV and 247 keV peaks. Subsequently whole-body CT images were acquired at 50
kV and 0.24 mA using continuous rotation (40 degrees/s). After reconstruction, the SPECT
and corresponding CT data were co-registered and re-sampled to equivalent 200 pm voxel

sizes. CT based attenuation correction was applied.

Page | 53



2.8.6. Image reconstruction and analysis

Reconstructed images were viewed and analysed using PMOD v.3.37 (PMOD
Technologies, Zurich, Switzerland). A standard 3D Gaussian filter was applied (1.0 mm full
width at half maximum). Using the fusion tool to analyse time activity curves in dynamic
scans, SPECT images frames were registered to corresponding CT images and volume of
interest (VOI) was defined manually using fixed-volume sphere (radius of 1.5 mm) around
the most intense voxel for quantification of activity in tumour or heart. VOI was expressed
as %ID/mL by dividing the sum of activity within the VOI expressed as MBg/mL by the
total injected activity and normalised to the VOI volume under the assumption that density

of the tissue was 1 g/mL.

2.8.7. Ex vivo biodistribution

After the last (24 h) imaging session after radiotracer injection, mice were euthanised by
cervical dislocation and selected organs, tissues and blood were removed. The samples were
immediately transferred into pre-weighed tubes. After weighing the organs, the amount of
radioactivity in each tube was measured using a 2489 WIZARD? (PerkinElmer). Counts per
minute were converted into radioactivity units (MBq) using calibration curves generated
from known standards. These values were decay-corrected to the time of injection, and the
percentage of the injected dose per gram (%ID/g) of each tissue was calculated. Tumour
tissue was stored in 30% sucrose overnight and flash-frozen using dry ice and stored at -

80°C until required for further processing.

2.8.8. Ex vivo autoradiography and H&E

To obtain a microscopic distribution of the different radiotracer in the tumour tissue sections
were analysed by autoradiography. Firstly, frozen tumour tissue (8 um thick) was cut using

a cryostat microtome (OTF5000, Bright Instruments Ltd, UK) and mounted on slides
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(Thermo Fisher Scientific) which were mounted on glass slides. Tumour tissue sections were
exposed to a Super Resolution Phosphor screen (Type SR, PerkinElmer) in autoradiography
cassettes for 48 h at 4°C. The screen was then digitally developed using the Cyclone Plus

Storage Phosphor system (PerkinElmer).

The same tissue sections were stained with hematoxylin and eosin (H&E) to characterise
tissue morphology, staining for the nuclei and cytoplasm respectively. Briefly, tissue
sections were first washed under running water for 5 min and subsequently stained with
filtered Mayer’s hematoxylin (Sigma-Aldrich) for 2 min. Slides were rinsed in PBS for 20
min prior to staining with 1% eosin [v/v] for 10 s. Finally, sections were dehydrated in
increasing concentrations of ethanol (70%, 95%, and 100% [v/v] in dH,O; Fisher Scientific)
and cleared in xylene (Fisher Scientific). Slides were mounted using DPX (distyrene,
plasticiser, and xylene) mounting medium (Fisher Scientific) and scanned at 20x
magnification with the ScanScope CS system (Aperio, USA). Adjacent sections were also
stained for CMG2 and MMP14 with an aim to acquire immunofluorescence micrographs,
using a protocol based on immunocytochemistry, as above. H&E and immunofluorescence
micrographs were co-registered with autoradiography images using MATLAB-based

software developed in-house (MathWorks, UK) with manually chosen landmarks.

2.8.9. Immunofluorescence on tissue sections

Adjacent tumour tissue sections from the one stained by H&E were rehydrated in PBS for
10 min. Subsequently they were fixed with 4% PFA for 10 min at 4°C, followed by three
washes in PBS for 5 min at room temperature. Samples were incubated in blocking buffer
(5% [v/v] donkey serum in PBS) for 1 h at room temperature. Subsequently, slides were
incubated with goat anti-CMG2 (R&D, AF2940, 1:50) overnight at 4°C. In the following

day after being washed (3 times PBS), slides were incubated for 1 hour with donkey anti-
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goat IgG Alexa fluor 488 (Life Technologies, 1:500) at room temperature. Finally, slides
were counterstained with DAPI (1:1,000 in PBS) to visualise nuclei and mounted using
cover-slips and Vectashield mounting medium for fluorescence microscopy (Vector
Laboratories). The slides were imaged using 63 x oil objective using a Leica TCS SP8 (Leica,

Milton Keynes, UK) laser scanning confocal microscope.

2.9. Statistical analysis

All statistical and regression analyses were performed using GraphPad Prism v7 (GraphPad
Software, San Diego, CA, USA). Means were compared using a t-test with Welch’s
correction for non-equal variances to compare two groups. One-way ANOVA tests followed
by Dunnet’s post-tests were used to compare multiple groups. Two-way ANOVA tests were

used to analyse grouped data. All results are reported as mean =+ standard deviation (SD).
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3. Chapter 3: MMP targeting by engineered Lethal Toxin in

tumour cells

3.1. Introduction

Matrix metalloproteinases (MMPs) are a family of proteases that degrade a wide range of
substrates. Basal expression of MMPs in physiological conditions are usually low with some
exception such as in wound healing and in the ovulation process. In cancer, increased MMP
activity has been associated with tumour growth, angiogenesis and metastasis and is linked
to poorer patient prognosis [61, 239, 240]. In particular, the overexpression of the secreted
gelatinases, MMP2, MMP9 and the membrane bound MMP14 [241] is linked to cancer
progression. Several drugs were developed based on the inhibition of MMP activity, aiming

to achieve a therapeutic effect reducing tumour progression and metastasis [242].

A completely different therapeutic approach targeting MMP activity on the surface of
cancerous cells was developed by exploiting the intoxication mechanism of the Bacillus
anthracis AB-type Lethal Toxin (LT). This toxin uses two different molecules in order to
enter the host-cells. First, the cell binding moiety, protective antigen (PA; 83 kDa, PAs3)
interacts with its native receptors on the cell surface: tumour endothelial marker-8 (TEMS)
or capillary morphogenesis gene 2 (CMG2). Subsequently, PAss is cleaved/activated by the
ubiquitous furin enzyme or other furin-like proteases into 2 fragments: PAso (20 kDa),
corresponding to the N-terminal, and PAg3 (63 kDa), corresponding to the C-terminal [161].
PAg3 can oligomerise and form a heptameric or octameric ring-shaped structure (also
referred to as a pre-pore) which contains the binding site for the catalytic lethal factor (LF;
90 kDa). The PA/LF complex is then endocytosed and LF escapes from the late endosome
by translocating into the cytosol through the PAs3 pore. Finally, the proteolytic activity of

LF causes cleavage and inactivation of different MEKs (MAPK/ERK kinase), and thus
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inhibition of the mitogen-activated protein kinase (MAPK) pathway, resulting in cell

cytotoxicity [243].

Interestingly, CMG2 and TEMS8, PA native receptors, have been implicated in tumour
angiogenesis and therefore have been considered potential targets for cancer therapy [213,
244]. Our collaborators, Leppla et al., have modified PA aiming to produce a tumour-
selective toxin targeting the MMP activity present in cancer tissues. The cleavage site spans
amino acids 161-171, forming a disordered loop in the crystal structure of PA molecule (see
Figure 3.1.A). They replaced the amino acid sequence recognised by furin (164RKKR) in the
wild type PAg; (PAWT), to an MMP-labile sequence (164GPLGMLSQ) resulting in PAL1
variant (see Figure 3.1.B). This PA variant is described to be susceptible to the hydrolysis

of MMP2, 9 and 14 and probably others MMPs [223].

In the current chapter, PALI1 susceptibility to MMP activity was tested and compared with
other PA variants. Moreover, a panel of cancer cell lines was characterised for the different
phenotypic characteristics required for PAL1-driven cell intoxication of LF (CMG2, TEMS,
MMP2 and 14). In addition, cytotoxicity caused by LT treatment in vitro was examined and
contrasted with their cell profiling to determine the most and least responsive cell lines. The
translocation domain of LF (LFn, 1-254 residues, N-terminal) is sufficient to interact with
PA pores on the cell surface and be endocytosed [180]. Therefore, the capacity of PA to
deliver two non-toxic variants of fluorescently labelled LF presenting different molecular
weights, LFn (30 kDa) and LFE6%7A (90 kDa, LF with a defective catalytic domain) were
evaluated in vitro because both are the variants used here to develop the imaging tool
proposed in this thesis in association with PAL1. Notably, Reeves et al. has described that
CMG?2 physiological role partially correlates with MMP14 and CMQG2 is a positive regulator

of MMP14 activity [245]. Therefore, analysis of the localisation of MMP14 and CMG2 in
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vitro was also examined because the physical proximity of the two components further

corroborates the efficiency of these approaches to target cancer cells.

A) B)

161aa

PAL1: MMP-cleavable = SNSGPLG*MLSQSTSAGPT
PAWT: Furin-cleavable = SNSRKKR*STSAG-PT
PAU7: non-cleavable SNSPGGSTSAGPT

PAWT:1ACC PDB

C) PAL1 PAWT  PAU7

MW (kDa) |
98 —

e - - R —— —PA83

- PA,

Figure 3.1 Engineered PAs present different susceptibility to furin and MMPs activity

A) Crystal structure of PAsg3 (83 kDa) and the disordered loop, depicted
as a dotted line in the structure, where the amino acids of the cleavage
site links between the N-terminal PA» (20 kDa) and the C-terminal
PAs3 (63 kDa). B) Aligned amino acid sequence of furin cleavage site
(*) of PAWT and the mutants PAL1 and PAU7. C) SDS-PAGE of PA
prepared with furin or MMPs in a cell-free assay after incubation for
16 h at 37°C. pro-MMP 14 not pre-activated with furin (MMP14%*) was
used as a control to evaluate the presence of MMP14 bands in the gel.
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3.2. Results

Firstly the effects of either MMP2, MMP14 or furin on cleavage, and therefore activation,
of PAL1, PAWT and PAU7 [246] (an uncleavable version) were evaluated (see Figure
3.1.B). Samples of the pure protein PA variants were incubated with the respective enzyme
for 16 h at 37°C, under agitation in the reaction buffer. Subsequently, a small aliquot of the
reaction mixture was evaluated by SDS-PAGE, where a differential fragmentation pattern

was observed (Figure 3.1.C).

3.2.1. PAL1, PAWT and PAU7 cleavage assay

Two different variants of PA (PAL1 and PAU7) were compared with the wild type molecule
(PAWT). As expected, PAL1 was cleaved by MMP14 and MMP2, but not by furin, whereas
PAWT was cleaved by furin only (Figure 3.1.C). Besides confirming that PAL1 sequence
confers MMP susceptibility, PAU7 variant also presented the expected behaviour, and was
not cleavable by furin or MMPs, and can thus be used as a negative control in future
experiments (Figure 3.1.C). Surprisingly, a small fragment correspondent to a faint band
with 32 kDa was observed in all PAL1 samples, possibly due to molecules cleaved non-
specifically throughout the purification process. This band was more evident when a larger

quantity of protein was loaded, such as in the lane correspondent to furin + PAL1 condition.

To further test whether the cleavage site for PALI corresponded to the one designed, the
reaction mixture was analysed by Intact Protein Mass-Spectrometry (see Appendix, Figure
A. 3, page 174). As demonstrated in the table below (Table 3.1) the fragments resulting from
the MMP2 or MMPI14 cleavage were confirmed (predicted masses derived from
(www.expasy.org). PAU7 analysis confirmed the resistance of this variant to MMP
cleavage: no peak other than that corresponding to the full-length protein was observed (see

Appendix, Figure A. 4, page 174).
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Table 3.1 LC-MS analysis and theoretical mass of PA variants cleaved by MMPs

Protein fragment '"MMPs 2Expected MW (Da) *Measured MW (Da)
PAL1» 2 19000.2 19002.46
PALle3 2 63908.4 63914.11
PAL1» 14 19000.2 19002.46
PALle3 14 63908.4 63914.81
PAU7s3 2 82464.8 82414.20
PAU7s3 14 82464.8 82415.20

"Matrix metalloproteinases. > Molecular weight (MW) based on the sequence and calculated by
Expasy Bioinformatics tool (www.expasy.org). *Major peaks from Intact protein mass-spectrometry
after liquid chromatography are given.

3.2.2. Characterisation of cancer cells for LT delivery system components

A panel of cancer cell lines was characterised for the various elements required in the
Bacillus anthracis MMP-activatable LT system. Whole cell lysates of breast (MCF7 and
MDA-MB-231), pancreatic (B8484 and CAPANI1) and fibrosarcoma (HT1080) cancer cells
were analysed by Western blot for the expression levels of CMG2, TEMS, MMP14 and

furin.

The CAPANI1, HT1080 and MDA-MB-231 cells presented high levels of CMG2, and
MMP14 expression (see Figure 3.2.A-B). Broader bands observed for MMP14 and also
CMG?2 [198] can be attributed to heterogeneous glycosylation patterns reported in the
literature [247]. All cell lines but HT1080 expressed relatively high levels of furin (Figure
3.2.C). B8484 was found to have less CMG2 and MMP14 expression, whereas levels in
MCEF7 cells were undetectable by this technique (Figure 3.2A-B). Gelatin zymography
probing for MMP2 and MMP9 activity revealed high MMP2 levels in HT1080, with far
lower activity levels in the other cell lines of the panel (Figure 3.2.D). In the presence of a
broad spectrum MMP inhibitor, GM6001, no activity of MMPs present in the conditioned

media was observed.

Page | 62



MMP14

Beta-Actin
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Furin

Beta-Actin

30uM GM6001

Figure 3.2 Characterisation of cancer cell panel for LT delivery system components

Protein expression levels of (A) matrix metalloproteinase (MMP)
14, (B) capillary morphogenesis gene 2 (CMG2) and (C) furin was
analysed by SDS-PAGE and Western blotting of whole cell lysate
samples. Beta-actin was used as the loading control. (D) Gelatin
zymography gels with serum-free culture media which was
incubated with cells overnight. Purified pro-MMP2, MMP2 was
used as a reference for molecular weight in the first two lanes.
GM6001 a broad spectrum MMP inhibitor demonstrates its
inhibitory capacity.

The other native cell receptor for PA is TEMBS, therefore, the level of protein expression was
also evaluated in the panel of cancer cells. To validate the data obtained by this analysis,
CHO cell lines presenting different phenotypes for anthrax receptors were also included in
the assay [200]. CHO cells overexpressing either receptor, (CHO-TEMS) or (CHO-CM@G?2),
were originated from a modified parental cell (CHO-PR230) that does not express either
receptor (CMG2”-, TEM8”"). Whole cell lysates or membrane enriched protein extracts

analysed for TEMS8 expression presented no difference among the different CHO cell types
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in the 45 kDa band expected (Figure 3.3.A-B). These results indicate that this particular

TEMBS antibody is not suitable for probing the target.

A Wholecell lysate B Membrane and organelles

TEM8

Figure 3.3 Validation of antibody probing for TEMS8 anthrax receptor in cancer cells

Comparison of Western-blots between two different sample
preparation and probing for TEMS.

3.2.3. Evaluation of LT delivery system using fusion toxin FP59 and PAs

To establish the integrity of LT delivery to tumour cells, in vitro cytotoxicity experiments
were performed challenging the panel of cancer cells studied in this project. Since certain
tumour cells can be resistant to LF [243] the potent fusion toxin FP59 was used instead.
FP59 consists of the N-terminal translocation domain of LF (LFn, 1-254 residues) fused to
Pseudomonas aeruginosa exotoxin-A catalytic domain [248]. This domain catalyses the
transfer of the adenosine diphosphate (ADP)-ribosyl moiety of nicotinamide adenine
dinucleotide to the eukaryotic polypeptide elongation factor (eEF2) and thus inactivates

eEF2, resulting in inhibition of protein synthesis [249].

Treatments were more efficacious in CAPAN1, MDA-MB-231 and HT1080, compared to
B8484 and MCF7 cells at 48 h after treatment. Moreover, PAWT/FP59 treatment was found

out to be more efficient than PAL1/FP59 treatment for all the cells (see Figure 3.4).
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Figure 3.4 Cytotoxicity promoted by PAs/FP59 treatment in cancer cells

Cancer panel present different sensitivity to protective antigen (PAs)
and fusion toxin FP59 (0.25 nM) determined by MTT assay. Cells
were incubated with PAWT/FP59 or PAL1/FP59 prior to MTT salt
addition. Absorbance at 495 nm and the percentage of the control.
Effective concentration (EC50) data on table for the different cells.
Data are expressed as average =+ standard deviation from
experiments carried out in triplicate.

The potency of the treatments, represented by the PA concentration where 50% of the total
viability is reached (EC50), confirms the differences between the cell lines. Concerning

PALI1/FP59 treatment, cell sensitivity can be represented as HT1080>CAPAN1>MDA-MB-
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231>>B8484>>MCF7. In comparison, for PAWT/FP59 treatment it can be represented as
CAPANI1>HT1080>MDA-MB-231>>B8484>>MCF7. FP59 toxicity relies on the
impairment of protein translation by ADP-ribosylation of the translation elongation factor 2
(eEF2) [249]. It is unlikely that the cell lines depend differently to this biogenic pathway,
indicating, therefore, that the cytotoxic results may be at least partially explained by the

amount of FP59 that reaches the cytosol of these cells delivered by PA pre-pores.
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Figure 3.5 Cytotoxicity of LT variants to cancer cells

Cancer cell panel present different sensitivity to protective antigen

3.5 nM PAs and fusion toxin 0.5 nM FP59 determined by MTT

assay. Cells were incubated with the different treatment prior to

MTT salt addition 48 h after. Absorbance was measured at 495 nm

and the percentage of the control was considered as viability. Data

are expressed as average + standard deviation from experiments

carried out in triplicate.
Studies including uncleavable PAU7, or omitting either the PAs protein or FP59 toxin
showed that the system is highly selective, and requires all components of the system to
deliver its payload (see Figure 3.5).These findings are consistent with previous reports using

this system on a different panel of cell lines [226]. Surprisingly, cells treated with

PAU7/FP59, in this high concentration demonstrated at least some reduction in cell viability,
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indicating that possibly PAU7 is being cleaved and able to form competent pre-pores that

can translocate FP59.

3.3. Cleavage and activation of PAL1 by MMP activity

The next step was to evaluate whether PAL1 is activated by MMP activity only. To answer
this question an MTT experiment was perform in the presence of GM6001 (Ilomastat), a
broad-spectrum MMP inhibitor presenting a hydroxamic acid as zinc chelator group. For
this experiment HT1080 cells were used, one of the most sensitive cells for PAL1/FP59
treatment which also express MMP2, 9 and 14 (section 3.2.2). After washing the cells, we
added GM6001 to the cell and pre-incubated for 30 min before exposing to the different
treatments. After 6 h of incubation all the media was removed and replaced with culture
media supplemented with serum. After 48 h of incubation, MTT salt was added and the
viability was considered as a percentage of the absorbance measured for the control

condition.

As expected, in the presence of GM6001 cell viability was restored to the same levels of the
one determined to the control condition (P = 0.001) (see Figure 3.6.A). Contrastingly, in the
case of PAWT there was no increase in cell viability after exposure to GM6001, further
confirming that the modified PALI1 sequence resulted in preferential susceptibility to MMP
activity. To confirm the presence of MMP activity in the cell conditioned media, samples
were collected over 6 h. At 2 h after the addition of fresh media, two bands correspondent to
MMP2 and MMP9 were observed (Figure 3.6.B). Taken together, these results confirm the

requirement of MMPs to activate PAL1 but not PAWT.
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Figure 3.6. MMP inhibitor protects cells from MMP-targeted PA proteins
A) HT1080 cells were washed before pre-incubating with broad
matrix metalloproteinase (MMP) inhibitor GM6001 for 30 min.
Subsequently 3.5 nM of either PAWT or PAL1 was added in
combination with 0.5 nM FP59 toxin. After 6 h, the medium
containing the toxins and MMP inhibitors was removed, and fresh
serum containing medium was added. 48 h after treatment, MTT salt
was added to determine cell viability. B) Zymography gels
demonstrating the presence of MMPs secreted in the cell culture

media obtained from HT1080 cells starts as soon as 2 h after
replacing the media for a serum-free type.

To evaluate if an engineered variant of PAWT containing one single cysteine residue
substitution (PAWTK363C) was still susceptible to furin proteolysis a cell-free cleavage assay
was performed (section 3.2.1). The results demonstrate that the replacement of the cysteine
does not hinder the enzymatic activity of furin against PAWT®** and both fragments,
presenting the expected molecular weight, were observed by SDS-PAGE analysis (see

Figure 3.7.A).

Additionally, the capacity of PAWTX363€ to form competent pre-pores and deliver the fusion
toxin FP59 into CAPANI cells was assessed by MTT assay. After exposing cells to a variety
of PAWTX36C concentrations combined with 0.5 nM FP59 for 48h, the cytotoxicity revealed
by MMT assay was similar to cells treated with FP59/PAWT (Figure 3.7.B). In MCF7 cells,
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no such effect was observed (see Figure 3.7.C). These results suggest that PAWTX63C
interacts with CMG2 and TEMS in a similar way as PAWT, can be cleaved, oligomerise and

form de novo binding sites for FP59 as PAWT molecules.

All these results together provide ample evidence that the mutated version of PA provided
by our collaborators corresponds to the predicted resistance/susceptibility to enzymatic

hydrolysis and can be used for further experiments with the advantage of having one cysteine

residue.
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Figure 3.7 PAWTX53C mutant presents the same characteristics as PAWT

Cell-free cleavage assay using purified Protective antigen (PA)
variants incubated with different enzymes, analysed by SDS-PAGE.
A) After incubation for 16 h at 37°C of the different PAs in the
presence or not of furin (F), Matrix Metalloproteinase 2. B-C)
Cytotoxic assay using variable concentrations of PAs and 0.5 nM of
FP59 fusion toxin.

3.4. Subcellular localisation of fluorescently labelled LT components in a
cell-based assay by confocal microscopy

LFn (30 kDa) and LFF%74 (90 kDa) variants are non-toxic versions of LF and both were
chosen to be tested for the development of MMP-activity imaging tool, in association with
PAL1, in cancer models proposed for the current thesis. Therefore, the delivery of these

variants by PA pores were tested in cell-based delivery assays. To visualise these molecules
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under the microscope, they were fluorescently labelled and exposed to cells that have

presented differential susceptibility to LT intoxication as described above (section 3.2.3).

It is important to state that for each ring-shaped pre-pore containing 7 or 8 cleaved PAss3,
there are 2-3 binding sites that can be occupied by LF [167]. Hence, for the current
experiments the concentrations used were based on this ratio of approximately 1:3-4 LF/PA
molecules. Additionally, in a cell-based assay, processing of PA on the cell membrane
(interaction with receptor, proteolytic cleavage, and oligomerisation) is the limiting step for
LF interaction and endocytosis. In previous studies, Beauregard et al. have demonstrated
that exposing macrophages to 12 nM PAWT and performing immunofluorescence in fixed
non-permeabilised cells PAWT persisted in the cell membrane for 90 min [168]. They
further demonstrated that PA bound to the membrane receptor stays accessible for 65 min to
LF interaction and cell intoxication. The LT intoxication process is considerably slower
when compared to other receptor mediated endocytosis, such as for epidermal growth factor

receptor and transferrin [250, 251].

3.4.1. Confocal microscopy of fluorescently labelled LF**37A and LFn

LFE%7A was fluorescently labelled using a Cy3-dye via a lysine-directed activated ester of
Cy3, resulting in Cy3-LF®374 The identity of the resulting construct was determined via

absorbance measurements, and the number of Cy3 moieties per molecule of LFE687A

was
calculated to be 6:1. Cells were exposed to 14 nM of PA variants and 3.5 nM of Cy3-LFE687A

for 3 h at 37°C before fixation and preparation for analysis under confocal microscope.

Cy3-LFE687A was taken up by MMP-expressing cells when combined with the MMP-
activatable PAL1, and when combined with furin-activatable PAWT. Negligible uptake was
observed when no PA was added (Figure 3.8). Similarly, only little uptake was observed in

MCEF7 cells with a slight increase in the presence of PAWT, indistinguishable from Cy3-
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LFES87A non-specific uptake, potentially due to micropinocytosis [252]. Even though
PAWT/FP59 treatment does present cytotoxic effects to MCF7 cells, as reported above
(section 3.2.3) indicating that FP59 is translocated in these cells. This observation may be
explained because the amount of FP59 molecules necessary to cause cytotoxicity after 48 h
is much less than the uptake of Cy3-LF™374 in these cells under these experimental

conditions.

Cy3-LFE®87A + PAWT Cy3-LFE®87A + PALA1 Cy3-LFE687A vehicle

HT1080

MCF7

[ Cy3-LFEss7A
[ DAPI

Figure 3.8 Cell uptake of Cy3-LF %74 depends on PA variants and cell phenotype

Cells were treated with Cy3 fluorescently labelled 3.5 nM LFE6874

(Cy3- LFE%7A) and 14 nM PAs variants for 3 h at 37°C before

fixation. Representative images of non-permeabilised cells imaged

under a confocal microscope.
To study the cellular delivery of the smaller LF variant, the translocation domain LFn was
modified with the fluorescent dye NHS-AlexaFluor488 (AF488). The identity of the
resulting AF488-LFn was determined via absorbance measurements to determine the

number of AF488 moieties per molecule of LFn as 4:1. Further analysis of the specific

uptake and subcellular distribution of AF488 was performed using confocal microscopy
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imaging of HT1080 and MCF7 cells in the presence or absence of PAL1 or PAWT (Figure
3.9). A higher amount of AF488-LFn was observed in HT1080 cells treated with PAL1 or
PAWT when compared to cells treated with AF488-LFn alone. Contrarily, AF488-LFn was
not taken up by MCF7 cells in the presence of PALI but it was internalized by MCF7 cells
in the presence of PAWT. These results corroborate the cytotoxic assays presented
previously in this chapter (section 3.2.3), confirming the delivery of AF488-LFn as PA

dependent.

Differently from Cy3-LFE¢87A AF488-LFn reaches nuclei/nucleolus in HT1080 cells when
combined with PAL1 or PAWT. One possible explanation for this difference is that proteins
smaller than 40 kDa can diffuse through the nuclear pore complex [253], as is the case for

AF488-LFn.

AF488-LFn + PAWT AF488-LFn + PAL1 AF488-LFn vehicle

HT1080

MCF7

AF488-LFn
[ DAPI

Figure 3.9 Subcellular distribution of AF488-LFn depends on PA variants and cell
phenotype

HT1080 or MCF7 cells were treated with AF488 fluorescently
labelled LFn (3.5 nM AF488-LFn) and 14 nM PAs variants for 3 h
at 37°C before fixation. Representative images of non-permeabilised
cells imaged under a confocal microscope.

Page | 72



3.4.2. Live cell imaging of LT fluorescently labelled

To further evaluate the cellular dynamics of LT uptake in cancer cells and to reduce potential
artefacts due to fixation processes, live cell imaging was used with fluorescently labelled LT
components. PA variants were fluorescently labelled with the Cy3 dye via lysine-directed
reaction. The resulting molecules, Cy3-PAL1 and Cy3-PAWT, presented 10 moieties of dye

FES87A and LFn molecules were

per molecule according to absorbance measurements. L
labelled with AF488 dye as above. Cells were evaluated over 3 h after exposure to (3.5 nM

AF488-LF variants; 14 nM Cy3-PAs) (Figure 3.10).

In CMG2-positive CAPANI1 cells, high uptake of Cy3-PAL1 was observed in the plasmatic
membrane which increased overtime, possibly indicating the presence of its native receptors.
This increase also correlated with the presence of either AF488-LFE%374 or AF488-LFn in

the perinuclear region.

Differently from cells treated with AF488-LFn and PAs which were fixed, no AF488-LFn
signal was associated with the nuclear region stained with Hoechst dye, indicating that LFn
may not reach the nuclei and the subcellular distribution pattern observed in the experiment
described above may be an artefact due to the chemical fixation. In a control condition where
no Cy3-PAL1 was added, AF488-LFF%74and AF488-LFn was also observed within the cell
boundaries indicating that these molecules can be taken up by the cell non-specifically,
probably through micropinocytosis characterised by vesicles presenting diameter below 100

nm [254].
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Figure 3.10 MMP-expressing cell line treated with fluorescently labelled LT
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CAPANTI cells were treated with AF488 fluorescently labelled LF
variants (A) AF488-LF™374 or (B) AF488-LFn) and Cy3 labelled
PALI (Cy3-PALI) for 180 min at 37°C. Images were acquired of
live cells (not-fixed) under a confocal microscope.

Differently, MCF7 cells did not present Cy3-PALI1 associated with their plasma membrane,
possibly indicating a lower number of anthrax receptors. However, an increasing amount
over time of either AF488-LFE6%7A or AF488-LFn was observed in the control condition

where no PAL1 was added (Figure 3.11).
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Figure 3.11 MMP-non-expressing cell line treated with fluorescently labelled LT

MCEF7 cells were treated with 3.5 nM of AF488 fluorescently
labelled LF variants (A) AF488-LFF%874 or (B) AF488-LFn) and Cy3
labelled PAL1 (Cy3-PAL1) for 180 min at 37°C. Images were
acquired of live cells (not-fixed) under a confocal microscope.

3.5. Co-localisation of CMG2 and MMP14

Next, the distribution of MMP14 and CMG2 on the cell membrane was investigated by

immunofluorescence of non-permeabilised fixed cells (see Figure 3.12) [255]. Previously

MDA-MB-231 cells, presented expression of both MMP14 and CMG2 by Western blot

analysis (section 3.2.2). Therefore, after performing immunocytochemistry for both protein,

MDA-MB-231 cells were analysed by confocal microscopy and the resulting images were

analysed using Image J software.

The Pearson’s Correlation coefficient calculated for MMP14 signal and CMG2 was 0.90 in

MDA-MB-231 cells. This indicates that these two molecules are codistributed in this cell

line. Differently, in MCF7 cells no signal was observed for either MMP14 or CMG2.

Page | 75



MDA-MB-231
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Figure 3.12 CMG2 and MMP14 co-localise

Immunofluorescence for MMP14 and CMG2 was performed in non-
permeabilised cells. In merged images the yellow colour indicates
that MMP14 and CMG?2 colocalise on the cell surface. DAPI is used
for nuclear staining as blue colour.

3.6. Discussion

Targeting MMP activity on the surface of cancerous cells by the intoxication mechanism of
an engineered anthrax lethal toxin was previously developed by our collaborators [223].
They demonstrated that PAL1, an MMP-cleavable protective antigen variant, allows for
selective delivery of lethal factor, LF, to tumour tissue in vivo, for therapeutic gain in pre-
clinical experiments [225, 226, 256]. Here, this system is further tested and validated to the

development of a molecular imaging system using a radiolabelled form of LF.

In a cell-free assay the engineered cell binding moiety of LT, PALI1, was susceptible to both
MMP14 and MMP2 cleavage, but not to furin. The fragments resultant from the proteolysis
were compatible with the designed labile bond. However, MMPs are a large family of

proteases, with 23 members described in humans presenting high similarity of the catalytic
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domain and also overlap in substrate targets [21]. As in the current work, PAL1 hydrolysis
by other members of the MMP family was not tested systematically it is not possible to

affirm that PAL1 cleavage sequence is specific towards MMP2 and MMP14 only.

To develop a tumour model to test our imaging approach a panel of cancer cell line was
selected. A detailed characterisation for the different components required for the
intoxication mechanism of LT was performed followed by cytotoxic assays of LT treatment.
Initially, the effect of PAL1/FP59 treatment in cell viability was correlated with the presence
of MMP2 activity, MMP14 or CMG2 expression. A correlation of 0.62 between MMP2
activity and cell sensitivity to PAL1/FP59 treatment was calculated, which indicates that
there is no established correlation between these two variables (Figure 3.13.A). Even though
MMP14 activity was not measured directly, its protein expression levels correlated

statistically significantly with FP59 intoxication (R = 0.88; P = 0.02) (Figure 3.13.B).

>
w

2001

[<2] (2]
& OCAPAN1 & O CAPAN1
@ = 1507 ®HT1080 o = 1501 ... ®HT1080
32 © MDA-MB-231 o3 " e MDA-MB-231
<
o & 1001 ©B8484 oF 0© B8484
35 . ® MCF7 8 S ® MCF7
2% s0 £
S ©HT1080 + GMe001 S 2 o HT1080 + GM6001
g OIP ......... Qe ) ‘9 [ T P
s r 0.6238 3 r 0.8804
s 50 v v 1 5 50 r r — "
0 1 2 3 0 20 40 60 80
MMP2 activity MMP14

Figure 3.13 MMP14 expression confers sensitivity to PAL1/FP59 treatment in cancer
cells

The Y axis is the percentage of dead cells calculated from MTT
assays performed 48 h after treatment with 500 ng/mL PALI in
addition to 12.5 ng/mL FP59. A) X axis is the signal obtained for
MMP2 assessed by gelatin zymography. B) X axis is the relative
optical density for MMP14 obtained from Western blot analysis of
whole cell lysate and normalised by beta-actin signal.
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As part of the characterisation of the LT system it was necessary to determine the presence
and level of expression of anthrax receptors TEM8 and CMG2. However, in the current

project only CMG2 expression levels could be determined reliably.

Notably, the sensitivity of the cells to FP59/PALI1 treatment did not correlate with the
expression of CMG2 only, indicating that other factors might influence FP59 delivery (see
Figure 3.14.B). Possibly, there is a contribution of TEMS receptors to the cytotoxic effect
that could not be determined here. Interestingly, MMP14, in contrast, did correlate with
CMG2 expression (R = 0.84; P = 0.035) (see Figure 3.14.A). Additionally,
immunofluorescence analysis of both CMG2 and MMP14, demonstrated that these two
membrane proteins are codistributed on the cell. Similar results, corroborating the intimate
relationship between MMP14 and CMG2, were described by Reeves et al. [245], who
demonstrated that the presence of CMG2 enhances MMP14 activation. Contrastingly, a
more recent publication casted doubt over this claim [206]. Goot et al., demonstrated that
the activities of both MMP14 and MMP2 were in fact higher in the uterus of CMG2 null
mice than in that of control mice. This demonstrates that more studies are necessary to better

understand the physiological roles of CMG2.
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Figure 3.14 CMG?2 expression and MMP14 correlates

X axis is the relative optical density for CMG2 obtained from

Western blot analysis of whole cell lysates normalised by beta-actin

signal. A).Y axis is the relative optical density for MMP14 obtained

from Western blot analysis of whole cell lysate and normalised by

beta-actin signal. B) Y axis is the percentage of dead cells calculated

from MTT assay, performed 48 h after cell exposure to 500 ng/mL

PAL1 in addition to 50 ng/mL FP59.
A fluorescently labelled version of LFn, (AF488-LFn) and LF 6874 (Cy3-LFE%%74) developed
in the current work, further corroborates that these proteins depend on PALI presence to be
delivered into the cytoplasm to cancer cells. Those cells presenting the higher levels of

MMP14 and CMG2 were clearly more susceptible to the delivery of either LFn, (AF488-

LFn) or LFE87A (Cy3-LFE74) to their cytoplasm.

3.7. Conclusion

PALLI is cleaved by MMP activity and is capable of delivering fluorescently labelled LFE6374
or LFn into the cell cytoplasm. CMG2 and MMP14 have similar distribution patterns on the
cell surface, which can be exploited by PAL1/LF delivery system. Among the five different
tumour cell lines tested here, CAPANI1, HT1080, and MDA-MB-231 are the ones which
presented higher susceptible to intoxication by PAL1/FP59 or PAWT/FP59. Taken together
the data presented here demonstrates that PAL1/LF®874 or PAL1/LFn hold promise to be

used as an imaging method targeting MMP activity in tumour cells.
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4. Chapter 4: In vitro evaluation of radiolabelled Lethal Toxin

variants in tumour models

4.1. Introduction

Increased activity of matrix metalloproteinase (MMP) is associated with poor prognosis and
metastasis in different cancer types [68]. To exploit this feature, the protective antigen (PA)
of the binary anthrax lethal toxin (LT) was modified by our collaborators to form a pore in
cell membranes only when cleaved by MMPs (PAL1) [223]. Anthrax lethal factor (LF) is
then able to translocate through these pores into the cytosol of tumour cells. In the current
chapter, radiolabelled LT components were developed to allow further characterisation of
their interaction with cancer cells aiming to develop a novel radiotracer for non-invasive
MMP activity imaging using Single Photon Emission Computed Tomography (SPECT) as

the imaging modality.

Here, the chosen radionuclide to radiolabel the LT components was Indium-111 ('!'In).
Different protein based imaging molecules with similar characteristics as the LT components
have been !!!'In-radiolabelled because of its compatible physical properties (half-life of 2.8
days) and also the emission of two y-rays (171 keV and 245 keV) which can be detected by
SPECT [257]. Additionally, ''"'In has a low-cost production and a well-established
radiochemistry [122, 258]. To achieve !''In-radiolabelling, firstly the LT components were
modified to provide a suitable site for radiolabelling [258]. A novel radiotracer must undergo
in vitro validation to assess target specificity, uptake and its impact on cellular survival [259,
260]. As PA serves as the delivery vehicle for translocation of LF into the cytosol of the
cells, furin-cleavable PA variant with an engineered cysteine (PAWTK6C) and MMP-
cleavable PAL1 were used to study the interaction between PA and its native receptors in a
panel of cancer cells. In addition, the specific interaction between PAWTX63C and its
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receptors, capillary morphogenesis gene 2 (CMG2) and the tumour endothelial marker 8
(TEMBS), was determined in radioligand binding assays. Additionally, it was also tested
whether !!In-radiolabelling of the two non-toxic LF variants used here, truncated LFn (1-
254 residues, N-terminal) and full-length LFE874 (presenting a defective catalytic domain)
would impair their delivery by PALI1 pores to the panel of cancer cells. Finally, the stability

of all the radiotracers developed here was tested in mimicking in vivo conditions.

4.2. Results

4.2.1. Site-specific or non-site-specific conjugation of LT components with different

chelators

In order to develop !!'In-radiolabelled LT compounds, first these molecules were modified
with a chelator. Bifunctional diethylenetriamine pentaacetate (DTPA) was the molecule of
choice that presents the capacity to combine a radionuclide to a targeting construct, creating
a single structure. DTPA is a widely used acyclic chelator, which is known to coordinate
with In**, forming a thermodynamically stable complex suitable to radiolabel proteins and
other biological molecules [122]. Additionally, the incorporation of In** to DTPA happens
at mild temperatures, which is compatible with the radiolabelling of proteins as the LT

components [258, 261].
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Bioconjugation reactions were performed using two types of DTPA molecules, which
differed by its functional group, responsible to covalently bind to LT structure. PAL1 and
LFES7A were conjugated with p-isothiocyanate-benzyl-DTPA (p-SCN-Bn-DTPA), which
can form a covalent bond selectively with lysine side chains and N-terminal amines as shown
in Figure 4.1.A. Conversely, as PAWTX%C and LFn present a single engineered cysteine
residue, maleimide-DTPA was used to modify these molecules (see Figure 4.1.B). These
two types of bifunctional DTPA molecules were selected because the reaction conditions are

mild and compatible with LT proteic nature and also result in stable bioconjugates.

The different bioconjugates were separated from free, unreacted chelator molecules by size
exclusion chromatography. Each fraction had its absorbance determined at 280 nm
wavelength, and chromatograms were used to determine the fractions correspondent to the
modified LT molecules, which eluted within the void volume of the column. Free p-SCN-
Bn-DTPA molecules eluted in later fractions, as depicted in (Figure 4.1.A). The resulting
conjugates were analysed by intact protein mass-spectrometry after liquid chromatography
which demonstrated that PA variants, PAL1, PAWTX°%3C and the LF variants, LFF%7A and

LFn, were successfully modified with their respective chelators.

As expected, PAWTX363C and LFn which were conjugated with maleimide-DTPA molecules
displayed one chelator per molecule. On the other hand, LF*%874 and PAL1 modified with p-
SCN-Bn-DTPA presented a varied number of molecules attached. A range of 4-8 chelator

FE687A

molecules were found to be conjugated with L , while 1-2 chelator moieties were

conjugated to PALI.
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Figure 4.1 Chromatograms of purification step following bioconjugation reaction of
LT components and chelators

Size exclusion chromatography was used to remove free unreacted
chelator molecules after anthrax lethal toxin components
bioconjugation. (A) Representative chromatograms after reactions
based on isothiocyanate chemistry or (B) on maleimide chemistry.
Pooled fractions indicated as a green dot were analysed by intact
protein mass-spectrometry after liquid chromatography (LC-MS).
Green table below chromatograms indicates the molecular weight
(MW) corresponded to the major peaks of the LC-MS spectra and
the correspondent number of chelators expected for each specimen
of bioconjugated molecule.
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4.2.2. '"'In-radiolabelling of LT components

Subsequently, bioconjugates described above were radiolabelled using '''In chloride
(!"InCl3). To evaluate the purity of radioconjugates, instant Thin Layer Chromatography

(iTLC) was performed as a quality control for all radiolabelled samples of LT.

To validate whether the differences in polarity and size of the radiolabelled LT components,
and the polarity of the mobile and stationary phase were adequate to determine the level of
radiochemical yield (RCY) or purity (RCP), control reactions were carried out in parallel as
shown in Figure 4.2 and Figure 4.3. Importantly, !'In*" metal ions and free radiolabelled
chelator molecules migrated with the solvent and presented (see Figure 4.2.A-B) completely
distinct travelling patterns than LT radiolabelled components (see Figure 4.2.C-D). This
demonstrates that both the stationary phase and the mobile phase were suitable to be used in
quality control analysis of the radiolabelling reaction. In fact, free !''In** migrated with the
solvent front (Sf), whereas chelators pre-radiolabelled with ''InCl3 migrated less from the
starting point (Sp), when compared to free '''In**. The retention factor (Rf) calculated for
the radiolabelled chelators were different (['!'In]In-maleimide-DTPA, Rf = 0.6, Figure
4.2.B; [""'In]In-p-SCN-Bn-DTPA, Rf = 0.3, Figure 4.3.A) possibly due to differences in

polarity between the molecules.
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Figure 4.2 "'In-radiolabelling of PAWTX5%C and LFn quality control

Representative iTLC chromatograms performed for different

samples using citrate buffer (50 mM; pH 5.5) as the mobile phase

and silica plates as the stationary phase. A) '''In**, B) [!!!In]In-

maleimide-DTPA, C) ['''In]In-DTPA-PAWTX3%3C and D) [!!'In]In-

DTPA-LFn. Red lines correspond to the starting point (Sp) where

the sample was placed, and the solvent front (Sf) respectively.
""n-radiolabelled LT components stayed at the baseline of the iTLC (Rf = 0). After
optimisation, radiolabelling was achieved by addition of 20 MBq of ''InCl; to 20 pg of
protein, with a RCY routinely above 99%, as demonstrated by iTLC (Figure 4.2.C-D and
Figure 4.3.B). In the cases where RCY was below 99% (Figure 4.3.C), a purification step
using size exclusion chromatography was performed (Figure 4.3.D). Each fraction eluted

was evaluated by iTLC to ensure the collection of the fraction corresponded to radiolabelled

LT presenting 100% of RCP.
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Figure 4.3 "'In-radiolabelling of PAL1 and LF®%74 quality control

Representative iTLC chromatograms performed for different
samples using citrate buffer (50 mM; pH 5.5) as the mobile phase
and silica plates as the stationary phase. A) [!!'In]In-p-SCN-Bn-
DTPA and (B) ['"'In]In-DTPA-LFE7A, D) ['''[n]In-DTPA-PALI
before purification by size exclusion chromatography and (E) after
purification step demonstrating > 99% RCP. Red lines correspond to
the starting point (Sp) where the sample was placed, and the solvent
front (Sf) respectively.

4.2.3. Interaction of radiolabelled PAs with cellular anthrax toxin receptors

Saturation binding assays were performed using !!!'In-radiolabelled PAWTK6C to
characterise the cancer cell lines studied here. The resultant data allowed the determination
of PA apparent binding affinity (Kp) and the maximum number of binding sites (Bmax) that
was considered as the total density of anthrax toxin receptors on the cell surface [262]. If
compared with Western blot analysis, this assay was considered a more direct way to

determine the number of anthrax toxin receptors available to engage with PAs on the cell
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surface, and also to distinguish between the receptors TEM8 and CMG2. To calculate Kp
specifically to either CMG2 or TEMS8 receptors, CHO cell lines presenting different
phenotypic status for anthrax toxin receptors, kindly provided by our collaborators, were
also included in the saturation binding assay [200]. PA receptor-deficient CHO cell line
CHO-PR230 (CMG2 - TEMS8 ), was stably transfected with vectors to encode either
CMG2 or TEMS receptors resulting in the cell lines CHO-CMG2 (TEMS8 ) and CHO-

TEMS (CMG27).

Saturation binding assays were performed in pre-fixed cells to remove the influence of MMP
activity, and internalisation of PA /receptor complexes. After cell incubation with increasing
concentrations of radiolabelled PA, unbound radiolabelled compound was removed and cells
were washed prior to lysis with sodium hydroxide solution (NaOH). The radioactivity
associated with the cell lysate was measured by gamma-counting and normalised by cell

number.

The simplest model to describe the experimental data was a one-binding-site saturation
model for all cancer cells (see Figure 4.4.A). This might be a result of the nonspecific binding
component that was inferred from the shape of the total binding curve instead of being
empirically measured. It is most likely that a direct measurement of the non-specific binding
would have allowed discrimination between the two receptor populations on the cell surface.
However, the levels of receptor density among the cells showed to be different for each cell
line, ranging from approximately 5,000 to 60,000 molecules. Therefore, Buax values among
the different cell lines could be described as CAPAN1>HT1080>MDA-MB-

231>B8484>MCF7 (see Figure 4.4.C).
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Figure 4.4 "'In-radiolabelled PAWTX563C interaction with anthrax toxin receptors in
cancer cells

A-B) Saturation binding assay was performed by incubating
increasing concentrations of ['''In]In-DTPA-PAWTX%C to pre-
fixed cells. After incubation for 2 h at room temperature, cells were
lysed with NaOH and radioactivity associated was measured by
gamma-counting. B) Graph inset is CMG2 expression evaluated in
CHO cell lines by Western blot analysis confirming the differences
in receptor expression. C) Bmax and D) Kp values were calculated
from the saturation binding curves for the different cell lines. The
results reported here are a result of three independent experiments
performed in triplicate.

Saturation binding assays with CHO-CMG2 and CHO-TEMS were performed and analysed
as described above for the other cell lines. One-binding-site saturation model was the
simplest model describing the experimental data for both cell lines (see Figure 4.4.B). PA
interaction with CMG2 receptors showed a Kp of 4.1 + 1.5 nM, while a Kp of 52.6 + 24.0
nM was determined for TEMS receptors (see Figure 4.4.D). Interestingly, apart from

HT1080 cells, all the other cancer cell lines tested here, presented a Kp equivalent to the one
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established for CMG2 receptors in CHO-CMG?2 cell lines. The Kp calculated for HT1080
(14.7 £ 5.8 nM) was statistically different (P = 0.003) from the one determined for CHO-
CMG?2, indicating the presence of TEMS8 receptor on the HT1080 cell surface which can
interact with PA molecules. For all the other cell lines, Kp values were not statistically
different from CHO-CMG2 (P > 0.57). This result suggests that CMG2 might be the major

receptor present in these cell lines which interact with PA molecules (see table below).

Table 4.1 Summary of the parameters calculated from saturation binding assays
performed with !"'In-radiolabelled PAWTKS63¢

Cell line Byax (<10%) 2Ky (nM) Anthrax Receptor
status
CAPANI1 60.6 = 5.8 34+£0.7 3CMG2

HT1080 41.6 +13.7 14.7+5.8 CMG2 & “TEMS
MDA-MB-231 27.6+7.0 7.5+3.6 CMG2
B8484 95+1.7 42+2.0 CMG2
MCF7 10.0 £ 6.0 9.1+7.4 CMG2
CHO-CMG2 617.8 £89.0 41+1.5 CMG2
CHO-TEMS 1,159.5 +264.9 52.6 +24.0 TEMS

! Anthrax receptors density; ? binding affinity concentration when half of the total binding
sites are occupied; * Capillary morphogenesis gene 2; * Tumour endothelial marker 8

In another set of saturation binding experiments, ['''In]In-DTPA-PAL1 and ['''In]In-
DTPA-PAWTXC binding affinity to anthrax receptors was compared. The curves
describing the experimental data demonstrated that site-specific and non-site-specific
radiolabelling of PAs does not significantly differ in the values calculated for Kp (P =0.11)
and Bumax (P = 0.28) for ['''In]In-DTPA-PALI (2.0 + 0.8 nM; 20.8 + 3.4x10° binding
sites/cell) and [ In]In-DTPA-PAWTX363C (5.9 + 3.2 nM; 29.7 + 9.2x10° binding sites/cell)
(see Figure 4.5.A). To further evaluate specificity of the binding, a competition assay was
performed using 5 nM of radiolabelled compound in the presence of an excess of 500 nM of
unlabelled compound. In both cases blocking was 98 + 0.3% effective, indicating good

specificity of the radiolabelled Pas (see Figure 4.5.B).
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Figure 4.5 Comparison of site-specific and non-site-specific radiolabelling of PAs

A) Saturation binding assay of pre-fixed MDA-MB-231 cells with
increasing concentrations of either [!''In]In-DTPA-PALI or
['"In]In-DTPA-PAWTX3C  After incubation for 2 h at room
temperature, cells were lysed with NaOH and radioactivity
associated to cells was measured by gamma-counting. B)
Competition binding assay with 500 nM of unlabelled PAs incubated
30 min prior to the addition of 5 nM of radiolabelled PAs. **P <0.01;
**% P<0.001. This experiment was repeated once more with similar
results.

4.2.4. Delivery of '"In-radiolabelled LF variants to cells by PA pre-pores

The delivery of either ['''In]In-DTPA-LFE6®7A or ['''In]In-DTPA-LFn by PA pores was
evaluated by cell uptake experiments. Notably, the internalisation of PA and LF by cells is
described to be relatively slow, with a half-time of 30 min. Therefore, cells were incubated
for 3 h at 37°C in different treatment conditions to test the different components that are
required by the LT delivery system (Table 4.2). Based on the experiments described above,
the PA concentration used was 80 nM, which was considered to saturate all available
receptors on the cell surface, while 25 nM of !!'In-radiolabelled LF was used because the
binding stoichiometry of LF molecules for each PA pre-pore is 2-3 [167, 263]. Subsequently

cells were washed with cold PBS and lysed using NaOH. Radioactivity associated with the
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cell lysates was determined by gamma-counting. The total protein content was determined
by BCA assay and the result was used to normalise the percentage of the total radioactivity

added per mg of protein for the different cell lines.

Condition I, where PAL1 was added with !!!In-radiolabelled LF variants (10 MBg/nmol, at
the moment of the experiment) to cells, was designed to test the delivery of radiolabelled
LFES87A or LFn by MMP activation of PALI1 pores. The specificity of the interaction of
radiolabelled LFs with PAL1 pre-pores was tested in condition (II), using an excess of
unlabelled LFn or LFE6%7A, Ag a negative control, the uncleavable variant PAU7, (condition
IIT) was used because it cannot form competent pre-pores to deliver the radiotracer.
Additionally, condition IV was used as a another control, consisting of either ['!'In]In-
DTPA-LFE687A or [M'!'In]In-DTPA-LFn only, to determine the degree of non-specific cell
uptake. Condition V, was used to determine uptake of free !!'In, and to confirm that the
radionuclide needs to be integrated to LFs in order to be delivered via PA pre-pores inside
the cells. In condition VI, radiolabelled LFs were added in combination with PAWT, to

gauge the delivery of radiolabelled compound depending on furin enzymatic activity.

Exposure of the panel of cancer cells to ['!'In]In-DTPA-LF®874  demonstrated the
selectivity and specificity of the LT system (see Figure 4.6). [!!'In]In-DTPA-LFE87A was
taken up by CAPANI1, HT1080, MDA-MB-231 and B8484 cells when administered in
combination with furin-cleavable PAWT or MMP-cleavable PALI, but not in combination
with vehicle control or non-activatable PAU7 (P < 0.001). Additionally, PALI1-mediated
cell delivery of [M''In]In-DTPA-LFE687A could be significantly reduced by blocking with a

10-fold excess of cold, unlabelled LFE6784,
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Table 4.2 Experimental conditions used for cell uptake. 25 nM of either !'!In-
radiolabelled non-toxic LF variants (LFE%7A or LFn) were combined with

Condition Co-treatment Pre-incubation Function
80 nM 'PA variants 30 min before PA variant
Forms pores upon 2MMP
I PALI none cleavage and interacts with

anthrax toxin receptors

Excess of unlabelled
molecules blocks
radiotracer interaction with
PALI pre-pores

III PAU7 Uncleavable thus does not

250 nM

il PALI 3LFE687A/4LF1’1

none
form pre-pores
1Y% none none Non-specifc uptake of
radiotracer
A% HTn none Uptake of free !''In in cells

Forms pre-pores upon furin
VI PAWT none cleavage and interacts with
anthrax toxin receptors

'Protective Antigen; *Matrix metalloproteinases; * Lethal Factor variant presenting a defective
catalytic domain; * Truncated Lethal factor variant corresponding to N-terminal translocation
domain

No delivery of [''"'In]In-DTPA-LF®3’4 was observed in MCF7 cells under any of the
conditions (P > 0.05). In condition VI, an uptake of 1.3 + 0.3% radioactivity/mg was not
significantly different (P = 0.26) from control treatment IV (1.13 + 0.15% radioactivity/mg)
suggesting that PAWT is not delivering radiolabelled LFES87A to cells. Contrastingly, it was
previously reported here (section 3.2.3 ) that MCF7 cells express furin and are sensitive to
PAWT associated with a potent fusion toxin FP59 (LFn fused to Exotoxin A from
Pseudomonas aeruginosa) [248]. Exotoxin A enzymatically modifies the eukaryotic
Elongation Factor 2, impairing protein synthesis [249]. It was reported that two molecules
of this toxin are enough to cause cell death. Therefore, the difference observed between the

two types of experiments might be explained because the number of FP59 molecules,
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delivered by PAWT pre-pores, is enough to cause cell death. Contrastingly, in the uptake
experiments the number of ['!'In]In-DTPA-LF%%7A are not enough to present differences to

the control group.

Interestingly, in condition V, where only "'InCl3 was added, B8484 and MCF7 cells
presented associated radioactivity above the non-specific uptake of [!!'In]In-DTPA-LFE687A
(condition TV). It is known that ''In** can bind to transferrin and be endocytosed by
transferrin cellular receptors [264]. Therefore, these results might indicate that there is a

higher number of transferrin receptors in these two cell lines leading to higher uptake of

lllIn3+

In the case of cell uptake experiments performed with !!'In-radiolabelled N-terminal
fragment of LF, ['!'In]In-DTPA-LFn similar results were obtained with few exceptions (see
Figure 4.7). Unexpectedly, CAPAN1 uptake of ['!'In]In-DTPA-LFn combined with PALI
(1.12 £ 0.3% radioactivity/mg), was not different from control conditions (P > 0.05).
However, PAWT was able to promote cell uptake of [''In]In-DTPA-LFn for this cell line
(5.43 + 0.58% radioactivity/mg) demonstrating that cells present the capacity to be
intoxicated by LT system. For MDA-MB-231 cells, the blocking step did not completely
stop the uptake of [!''In]In-DTPA-LFn and values were significantly above control

condition IV where no PA is added (1.56 + 0.17% radioactivity/mg; P = 0.0018).
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Figure 4.6 PAL1-mediated delivery of [''In]In-DTPA-LFE%7A to cancer cells

Percentage of total radioactivity added to cells normalised by protein
content in conditions I-VI. Cells were exposed to 25 nM of ['!'In]In-
DTPA-LFE687A with or without PA proteins (80 nM) at 37°C for 3 h.
The radioactivity associated with cell lysate were measured in counts
per minute. ***P <0.001; ****P <(0.0001. These experiments were
repeated twice more with similar results.
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Figure 4.7 PAL1-mediated delivery of [!!!In]In-DTPA-LFn to cancer cells

Percentage of total radioactivity added to cells normalised by protein
content in conditions I-VI. Cells were exposed to 25 nM of ['!'In]In-
DTPA-LFn with or without PA proteins (80 nM) at 37°C for 3 h.
The radioactivity associated with cell lysates were measured in
counts per minute. ***P < 0.001; ****P < (0.0001. These
experiments were repeated twice more with similar results.
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4.2.1. PALI1 activation by MMPs and delivery of ['!'In]In-DTPA-LF®687A

To evaluate if MMP enzymatic activity was responsible for the PAL1-mediated delivery of
"n-LF, cell uptake assays were performed treating MDA-MB-231 cells with a MMP broad
spectrum inhibitor, GM6001. Briefly, 30 uM of GM6001 was added 30 min before exposing
cells to 25 nM [""'In]In-DTPA-LF®3’4 and 80 nM of different PAs (Figure 4.8).
Subsequently the same experimental procedure described above (Section 4.3.1) was
performed to obtain the amount of radioactivity associated with the MDA-MB-231 cellular

fraction.
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Figure 4.8 MMPs activate PAL1 pore formation

MDA-MB-231 cells were incubated with 25 nM of ['''In]In-DTPA-
LFE%74 and 80 nM PAs for 3 h at 37°C. Inhibited groups were pre-
treated with 30 pM of MMP inhibitor GM6001. Data are plotted as
percentage of total radioactivity added, associated to cells per mg of
protein content. ***P < (0.001.

In the experimental condition where 80 nM of PAL1 and 25 nM ['!"'In]In-DTPA-LFES$7A
was added, cell uptake corresponded to 11.51 + 0.88% radioactivity/mg. This uptake was
significantly reduced in the presence of the inhibitor, reaching an uptake value of 4.64 +
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0.46% radioactivity/mg (P = 0.0006) which corresponded to the value obtained for the
experimental condition where no PA was added (3.94 + 1.05% radioactivity/mg). As
expected, the presence of GM6001 did not reduce the uptake of ['''In]In-DTPA-LFE87A
mediated by PAWT significantly (P = 0.59) since this molecule is activated by the furin
enzyme and not MMPs. These results indicate that PAL1 requires the activity of MMPs in
order to be cleaved, oligomerise into a competent pre-pore and expose the binding sites

where [1'In]In-DTPA-LFES74 can interact, thus allowing cell uptake.

4.2.2. Binding affinity of radiolabelled LF%7A to PA pre-pores

For PA molecules to form a pre-pore on the cell surface, the N-terminal fragment (PA2o, 20
kDa) must be removed upon enzymatic cleavage. The remaining C-terminal fragment (PAsg;,
63 kDa) can then oligomerise and form the binding sites, where LF molecules can interact
with the PAs3 pre-pore. To determine whether radiolabelling of LFE¢87A molecules would be
deleterious to its capacity to bind to PA pre-pores, the affinity of this interaction was
determined in a cell-based assay. CHO-CMG?2 cells were chosen for this assay because of
its high receptor density. Cells were incubated with PA molecules for 24 h, at 4°C to allow
the formation of PA fragments with 63 kDa and also to prevent endocytosis. Cell lysates of
CHO-CMG?2 incubated with PAL1, PAWT or PAU7 were analysed by Western Blot to
evaluate the presence of 63 kDa fragments (Figure 4.9.A). As expected cells incubated with
PAL1 and PAWT resulted in the formation of cleaved PA whereas PAU7 molecules

remained intact after cell incubation.

A saturation binding assay was performed with CHO-CMGQG?2 cells exposed to PA molecules
and washed with cold PBS, before being exposed to increasing concentrations of [!!'In]In-
DTPA-LFE®7A at 4°C for an additional 2 h. The cells were then washed, solubilised, and

examined for radioactive content by gamma counting. After subtracting nonspecific binding
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using a control condition where cells were incubated with PAU7, the experimental data were
fitted to a one-binding-site model (Figure 4.9.B). The Kp determined for [!!'In]In-DTPA-
LFES87A to PAWTs3 pre-pores was 0.57 + 0.06 nM, while a value of 0.98 + 0.09 nM was
determined for PAL1. Values previously determined for Kp by surface plasmon resonance
for the interaction between PAWTs; and LF was 2.8 & 0.84 nM, which is statistically higher
than the one determined here (P = 0.03) describing a weaker affinity. This might indicate
that even though LF is not radiolabelled in this type of assay the artificial requirement to

covalently fix PA molecules might at least in part disturb the interaction of PAWTe3 with LF

molecules [265].
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Figure 4.9 ['''In]In-DTPA-LFE%7A binding to PA pre-pores

CHO-CMG?2 cells in culture were incubated with saturating amounts
of PAs (80 nM) for 24 h, at 4°C. A) Western blot analysis was used
to detect PA fragments in CHO-CMG?2 lysates. Negative control
condition was considered CHO-CMG?2 cells only. B) Cells were
incubated with various concentrations of ['''In]In-DTPA-LFE474 at
4°C for 2 h, cells were washed with cold PBS, solubilised in NaOH,
and examined for radioactive content by gamma counting (counts
per minute, CPM).

Page | 99



4.2.3. Cytotoxicity of radiolabelled LF%74 or truncated LFn to tumour cells

To evaluate if the cellular uptake of DTPA-LFX%87A DTPA-LFn, ['''In]In-DTPA-LFE%474 or

[!''In]In-DTPA-LFn has an effect on cell viability, the MTT colorimetric cell survival assay

was used as previously described (section 3.2.3). The HT1080 cells were used in this assay

because it presents high uptake for both !!!'In-radiolabelled LF variants, and is also sensitive

to the fusion toxin FP59 (section 3.2.3), in the presence of the different PA variants (see

Figure 4.10). The experimental settings were based on the cytotoxic experiments previously

demonstrated to cause cell cytotoxicity to HT1080 cells. The data of this assay confirmed

that none of the conjugates or radiolabelled LF variants were toxic, alone or in combination

with PAs.
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Figure 4.10 radiolabelled LT components are non-toxic to tumour cells

HT1080 tumour cells were treated with 3.5 nM of PAs in addition to
0.5 nM of molecules described in the X axis. Cells were incubated
for 48 h prior to addition of MTT salt. Absorbance measured at 495
nm for the control group, treated with only vehicle, was considered
100% and the treated groups were normalised by the control group.
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4.2.4. Stability of radiolabelled LT components in serum and PBS

The stability of the radiolabelled LT components in blood is essential for the use of this
probe system in vivo. In an intravenous injection, a fraction of the radioactive metal can bind
to a range of proteins present in the blood stream, a process known as transchelation, which
can affect the tissue distribution and plasma clearance of radioactive drugs [266]. Therefore,
serum stability assays were performed mimicking the in vivo condition by incubating
radiolabelled LT components with mouse serum at 37°C and analysing samples by SDS-
PAGE gels, followed by phosphor imaging autoradiography. Data generated by this analysis,
resulted in images such as the one presented in Figure 4.11.A (see Appendix, Figure A. 5,
pagel75), which were analysed using ImageJ software (NIH, USA). The data was presented
as a percentage of the signal intensity determined for the control condition, which
corresponded to a sample of radiotracer that was not previously incubated in serum (see

Figure 4.11.B).

For the intact ['!'In]In-DTPA-LF%87A compound, it was expected a band corresponding to
90 kDa size. After 10 min of its incubation, beside the intact radiotracer, a band with
approximately >180 kDa corresponding to 5.5 + 0.2% of the total intensity signal was
detected, possibly indicating aggregation of radiolabelled LF™374 molecules (see Figure
4.11.B). After one hour, fragments with 45-40 kDa corresponding to 5.5 + 1.3% were
observed, possibly indicating a transchelation process. After 3 h of incubation, the
percentage of signal correspondent to the 45-40 kDa fragment significantly increased to 7.7
+ 1.0% (P = 0.02). Notably, in the subsequent time points (6 h, 8.6 = 0.7%; P = 0.57 and 24
h, 7.9 + 0.6%; P = 0.57) no change was observed. Intact [!''In]In-DTPA-LF®374 with 90

kDa corresponded to 86.6 + 0.2 % after 24 h of incubation.
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Figure 4.11 Serum stability of ['!'In]In-DTPA-LFt6874

A) [""In]In-DTPA-LFE%87A samples were incubated with mouse
serum at 37°C. At different time points samples were collected and
analysed by SDS-PAGE gel followed by autoradiography. B)
Intensity signal analysis was performed for the autoradiographs.
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Figure 4.12 Serum stability of ['!'In]In-DTPA-LFn
["''In]In-DTPA-LFn samples were incubated with mouse serum at
37°C. At different time points samples were collected and analysed

by SDS-PAGE gel followed by autoradiography. Intensity signal
analysis was performed for the autoradiographs.

In the case of [!!'!'In]In-DTPA-LFn, 10 min after incubation in serum, autoradiography
analysis of the SDS-PAGE (see Appendix, Figure A. 6, page 176) showed a band
corresponding to the intact radiotracer with 30 kDa (86.7 = 5.7%), and also another band
with 60 kDa comprising 2.9 £ 1.0% of the total signal intensity (see Figure 4.12).
Interestingly, smaller fragments bellow 20 kDa corresponding to 10.4 + 4.7% were also
observed at this time point. After 2 h, an additional fragment could be observed
corresponding to a band of 20 kDa (5.5 = 2.0%). At 3 h of incubation, 74.1 + 2.1% of intact

[!"'In]In-DTPA-LFn compound was observed.
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Figure 4.13 Serum stability of ['''In]In-DTPA-PAWTKS63C

['"'In]In-DTPA-PAWTX3C samples were incubated with mouse
serum at 37°C. At different time points samples were collected and
analysed by SDS-PAGE gel followed by autoradiography. Intensity
signal analysis was performed for the autoradiographs.

Surprisingly, ['"'In]In-DTPA-PAWTK®C incubated in mouse serum displayed several

bands (see Appendix, Figure A. 7,page 177). One band corresponded to the intact compound

at 82 kDa (84.6 + 4.4%)), another band presenting >160 kDa (0.7 = 0.2%), and a smaller band

of 35 kDa (14.0 £ 4.1%) (see Figure 4.13). After 1 h, an additional fragment could be

observed with 62 kDa (0.4 + 0.2%). The percentage of these fragments did not increase with

time, and at 3 h of incubation, 84.9 £ 0.6% of the intact [!!'In]In-DTPA-PAWTX%C could

be still observed.
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Figure 4.14 Serum stability of ['!'In]In-DTPA-PALI1

[!"'In]In-DTPA-PALI samples were incubated with mouse serum at

37°C. At different time points samples were collected and analysed

by SDS-PAGE gel followed by autoradiography. Intensity signal

analysis was performed for the autoradiographs.
[!"'In]In-DTPA-PALI incubated in mouse serum had a band corresponding to the monomer
82 kDa with 78.0 + 1.8% (see Appendix, Figure A. 8, page 178). In addition, it also presented
a band with 42 kDa corresponding to 9.5 + 1.5% of the total intensity signal and a smaller
band corresponding to fragments of 20 kDa (12.4 + 1.1%) (see Figure 4.14). After 3 h,

[MIn]In-DTPA-PALI intact compounds comprised 78.7 = 1.97 % of the total sample.

4.3. Discussion
Imaging MMP activity in vivo non-invasively gives the opportunity to increase the
understanding of these proteases in cancer [61]. One approach is to radiolabel an MMP-
activatable imaging vector with ''In. This can then be detected by SPECT imaging [122].
Here, we developed !!'In-radiolabelled components of an engineered variant of LT which

targets MMP activity in cancer cells [223].

To radiolabel these proteins with !!!In, first they were modified with the acyclic chelator

DTPA. The resulting conjugates were analysed using intact mass spectrometry (LC-MS)
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which confirmed that PA variants (PAL1 and PAWTX%63¢) and the LF variants (LF*%74 and

LFn) were successfully modified with its respective chelators.

Although reactions using p-Bn-SCN-DTPA were performed under the same conditions,
PAL1 presented 1 to 2 p-Bn-SCN-DTPA molecules covalently bound to its structure,
whereas LF®%374 presented 4 to 8. This discrepancy may be attributed to differences between

the two molecular structures. LFE6874

molecules present 66 solvent-accessible lysines,
whereas PAL1 has 35, (data derived from PDB PISA [267]). For maleimide-DTPA, MS
analysis demonstrated that one molecule of chelator is attached per molecule of engineered

PAWTX9C and LFn, indicating the site-specific modification of these cysteine residues of

these conjugates.

Saturation binding assays utilising either ['!'In]In-DTPA-PAL1 or ['!'In]In-DTPA-
PAWTKS63C regulted in comparable affinities of the radiolabelled PAs and anthrax toxin
receptors, despite the differences of chelators used to modify these molecules. It is important
to highlight that the position of the cysteine residue substitution in PAWTX363C g outside the
small loop of domain 4 (amino acids 679 to 693) [178, 179]. Notably, this region contains
the essential amino acids for PA binding to anthrax receptors, and has only 3 lysine residues
which are exposed to the solvent. Therefore, in the case of !!'In-radiolabelled PAL1, where
lysine modifications were utilised, the probability of altering specifically that region and
reducing binding affinity is low, thus making comparable both site specific and non-site-

specific conjugation of chelators to PAL1 or PAWTX363€,

The PA affinity to CMG2 and TEMS was determined as 4 nM and 52 nM respectively. These
values are different from values calculated by cytotoxicity assays where the Kp was 0.9 nM
and 10.9 nM between PA/CMG2 and PA/TEMS8 complexes, respectively [201]. Other

research from Wilgelsworth et al., using SPR analysis, has determined a binding affinity

Page | 106



between PA and CMG2 of 0.4 nM [263].This discrepancy might be explained by
experimental differences, or possibly the radiolabelling process itself might reduce PA
binding affinity towards CMG2 receptors [263]. Nevertheless, it remains clear that PA has
a higher affinity to CMG2 when compared to TEMS8. Notably, CMG2 is considered the

major receptor of PA for both the anthrax pathology and for tumour therapy [201].

The abundance of anthrax receptors present on the membrane of the cancer cells studied here
was considered a key piece of information for their characterisation. To this end, [''In]In-
DTPA-PAWTX%C was used in saturation binding assays. Previously (Section 3.2.2) the
level of CMQG2 protein was determined by Western Blot analysis for the whole cell proteic
content instead of specifically for the plasma membrane compartment. In addition to the
isoforms land 2 of CMG2, which are capable of interacting with PA molecules, CMG2
isoform 3 is located in the endoplasmic reticulum [157]. Moreover, TEMS8 expression levels
were not determined by Western Blot successfully because of the lack of a validated antibody
(Section 3.2.2). Therefore, data from the saturation binding assay better characterised the

panel of cancer cells for the intended use of this project.

Interestingly, the cell lines which presented the highest number of anthrax receptors,
CAPANI, HT1080 and MDA-MB-231, also demonstrated a high uptake of [!!!In]In-DTPA-
LFES87A in the presence of PAL1 or PAWT. In addition, based on the Kp between PA and its
receptors it was established that CAPANI and MDA-MB-231 major receptor is CMG2
while HT1080 presents both TEM8 and CMG2 on its surface. Moreover, cell uptake
experiments in the presence of a broad spectrum MMP inhibitor prevented the PALI-
mediated delivery of [''!'In]In-DTPA-LFE%7A to tumour cells, confirming the specificity of
the system developed here for MMP proteolytic activation. Additionally, both ['"'In]In-
DTPA-LFE687A and ['!!In]In-DTPA-LFn were non-toxic to cancer cells when combined with

PAWT or PALI, establishing this approach as an imaging tool for MMP activity in tumour
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tissue. In addition, the affinity between !''In-radiolabelled LF®874 and PA pre-pores was
calculated. For PAWT pre-pores, a Kp value of 0.57 nM was calculated, which is in
accordance with a previous study performed in a cell-based assay with '?’I-radiolabelled
(Todine-125) LF (0.7 nM) [265]. The ['''In]In-DTPA-LFF%74 affinity with PAL1 pre-pores
was weaker when compared to PAWT. This difference might be due to the presence of 4
(MLSQ) amino acids residues in the N-terminal of the PAL 163 fragment which remains after

PAL1 loses the 20 kDa fragment upon MMP cleavage [268].

Another important aspect to be tested in the development of a radiotracer is the stability of
the probe under conditions that mimic the in vivo environment. All the radiotracers
synthesized in the present work demonstrated satisfactory stability in mouse serum.
However, a certain degree of radiotracer degradation and aggregation could be observed in
practically all the radiotracers tested. These processes could be attributed to the release of
"Tn, which can be transchelated to serum proteins such as transferrin or albumin resulting
in the formation of new radiolabelled specimens [266]. Another explanation is the
proteolytic activity of enzymes present in the serum that could be degrading the radiotracers
and forming the fragmentation observed here. This may result in an altered in vivo behaviour

or biodistribution [269].

4.4. Conclusion

The '"In-radiolabelled versions of PA and LF developed here, allowed quantification of
their interactions with the cancer cell panel. The affinity constants established between
PA/receptor and LF/PA pre-pore complexes are in the nanomolar range and were considered
to be suitable to be used in vivo. MMP 14 and CMG2-positive cells (CAPAN1, HT1080 and
MDA-MB-231) were considered to be the most promising cell lines to develop preclinical
models for LF/PALI imaging system. Taken all together 111In-radiolabelled LT variants

hold promise to image MMP activity non-invasively by SPECT in tumour tissue.
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5. Chapter 5: Evaluation of radiolabelled Lethal Toxin in tumour

preclinical model

5.1. Introduction

The development of radioactive probes as clinical diagnostic imaging agents is dependent
on the outcome of their evaluation in appropriate preclinical models [269]. High through-
put tests are firstly performed using in vitro models, which can give valuable information
about target specificity, cell uptake and cytotoxicity. Moreover, most of these radioactive
probes are substrates of normal metabolic processes which happen in a living organism, and
so the next step is the acquisition of preliminary information evaluating the delivery of a
radioactive probes to its target tissue using preclinical in vivo models. As a non-invasive
functional imaging modality, single photon emission computed tomography (SPECT) can
be used to assess both pharmacokinetics and pharmacodynamic parameters of novel
radiolabelled compounds. Importantly, due to the sensitivity of this imaging modality,

radioactive probes can be administered at tracer amounts to avoid perturbing normal

physiology.

In the current chapter, a modified version of Lethal Toxin (LT) produced by Bacillus
anthracis bacteria was radiolabelled with indium-111 (!'In) with the aim of developing a
radioactive probe for the molecular imaging of matrix metalloproteinase (MMP) activity in
tumour models. In the previous chapter, radiolabelled LT components tested in cell-based
assays demonstrated delivery to MMPs and capillary morphogenesis gene 2 (CMG2)-
expressing cancer cells (CAPANI1, HT1080 and MDA-MB-231). These in vitro tests
demonstrated that both radiolabelled Lethal Factor (LF) versions, one devoid of a functional
catalytic domain (LFE%%7%), and a truncated version of LF (LFn) were delivered to cancerous

cells in the presence of the pore-forming molecule protective antigen (PA); either its wild
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type variant furin-cleavable (PAWT) or an MMP-activatable variant (PAL1). In view of
these positive in vitro results, in this chapter the study of !'!In-radiolabelled LT probes in
tumour in vivo models are reported (Table 5.1). A combination of dynamic and static SPECT
scans was acquired to assess the pharmacokinetics and biodistribution of radiolabelled LT
proteins in vivo. Considering the complexity of the LT delivery system, extensively
described (Section 1.8), its components were first studied in vivo separately to determine the

best candidates to image MMP activity in tumour tissues.

Table 5.1 "'"In-radiolabelled Bacillus anthracis toxin-based probes

Lethal Toxin Molecular
Probes

(LT) weight (kDa) Function

Translocates through PA
LFn [!"'In]In-DTPA-LFn 30 pores. Smaller, non-toxic
truncated version.

Translocates through PA
LFE687A [MIn]In-DTPA-LFE687A 90 pores. Full-length, non-toxic
version.

Interacts with 'CMG2 and
PALI [MIn]In-DTPA-PAL1 82 forms pores upon “MMP
cleavage.

Interacts with CMG2 and
forms pores upon furin
cleavage. Contain an
engineered cysteine.

PAWTKS63C ['''In]In-DTPA-PAWTKS63C 82

!Capillary morphogenesis gene 2; *Matrix metalloproteinase
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5.1.1. Pharmacokinetics of radiolabelled LF versus LFn in tumour-naive mice

evaluated by dynamic SPECT/CT imaging

Since both [''"In]In-DTPA-LFn and [''"In]In-DTPA-LFES7A  effectively delivered
radioactivity in cell uptake assays (section 4.2.4 ), next step was to evaluate whether the
differences in molecular weight would result in different pharmacokinetic behaviour in vivo.
Chest-gated dynamic SPECT scans were performed after intravenous bolus injection 0.1
nmol of either ['!'In]In-DTPA-LFn or [!''In]In-DTPA-LF%74 with molar activities of 30
MBg/nmol and 50 MBg/nmol respectively at the time of injection, in healthy wild type mice

as depicted in the diagram (see Figure 5.1.A).

To estimate the cardiac blood pool and the time activity curves (TACs) a sphere with a fixed
volume (0,014 mL) was placed within the heart directly from the projections and considered
the volume of interest (VOI). Imaging analysis data from dynamic SPECT scans revealed
that LFn and LFES474 present distinct pharmacokinetic profiles (see Figure 5.1.B). The blood
clearance of [!!In]In-DTPA-LFn showed a biexponential signal decay with a rapid
distribution phase resulting in a fast half-life of 2.0 + 0.6 min (see Figure 5.1.C), and an
elimination phase presenting a slower half-life of 6.1 + 0.1 min. Sixty min after injection,

negligible concentration of radiotracer in the blood pool was observed (0.54 + 0.04%ID/mL).
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Figure 5.1 ['"'In]In-DTPA-LFn pharmacokinetic in naive Balb/C mice
A) Representative experimental design layout. B) Representative
maximum intensity projections of chest-gated SPECT/CT scans at
different time points. Heart volume of interest (VOI) = h. C) Blood
time activity curves were determined by the percentage of injected
dose per mL (%ID/mL) obtained from dynamic SPECT image
analysis (n = 3).

Conversely, the radiolabelled full-length protein, [!!In]In-DTPA-LFES®7A] presented a
significantly slower plasma clearance compared to the truncated protein (P = 0.0108),
maintaining 60% of the starting concentration in the blood circulation 2 h post administration
(Figure 5.2.A-B). In this case, a mono-exponential decay described the radiotracer
pharmacokinetics with a blood half-life of 37 + 18 min. As a result, the relative
bioavailability of ['!''In]In-DTPA-LFE%’A molecules was higher when compared to

['"'In]In-DTPA-LFn.
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Figure 5.2 [1''In]In-DTPA-LFE%7A pharmacokinetic in naive Balb/C mice

A) Representative maximum intensity projections of chest-gated

SPECT/CT scans at different time points. Heart volume of interest

(VOI) = h. B) Blood time activity curves were determined by the

percentage of injected dose per mL (%ID/mL) obtained from

dynamic SPECT image analysis (n = 3).
[!"'In]In-DTPA-LFn ex vivo biodistribution 1 h post injection demonstrated high kidney
uptake (25.95 + 0.53%ID/g) (see Figure 5.3.A). Static whole-body SPECT/CT scans
highlighted a high concentration of ['''In]In-DTPA-LFn accumulated in the cortex region
of the kidneys and bladder, indicating fast renal clearance as depicted in Figure 5.3.B-C.
This high kidney uptake was expected for ['!'In]In-DTPA-LFn as its molecular weight falls
below the protein glomerular filtration cut-off (67 kDa), and thus can be affected by renal
proximal tubular endocytosis [270-272]. However, a less pronounced uptake was observed

for the liver (5.43 £ 0.56%ID/g) and spleen (2.9 + 0.1%ID/g) which may be associated with

mononuclear phagocyte system clearance [269].
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Figure 5.3 Biodistribution of ['''In]In-DTPA-LFn

A) Ex vivo biodistribution was determined 1 hour post injection of
[!''In]In-DTPA-LFn in organs of interested. Representative SPECT/CT
images: B) Coronal and C) Sagittal. k = kidneys; b= bladder.

In contrast, a high concentration of [!!'In]In-DTPA-LFE%374 (25.7 + 2.6%ID/g) remained in
the blood and highly perfused organs, such as the liver (7.6 + 1.7%ID/g), kidneys (9.9 +
1.4%ID/g), lungs (10.1 + 2.1%ID/g) and spleen (12.4 + 2.9%ID/g) at 2 h post injection as
determined by ex vivo tissue counting (see Figure 5.4.A). Hence, it is possible to infer that
the higher molecular weight of LFE87A increases its blood residence when compared to LFn.
Since mouse blood was not completely removed before dissection by perfusion with a
fixative solution, it is likely that a portion of the radioactivity found in highly perfused organs
was due to the presence of [!''In]In-DTPA-LFF74 in the blood pool. A representative
maximum intensity projection image highlights the presence of ['!'In]In-DTPA-LF874 in

the blood 2 h post injection (see Figure 5.4.E).

Page | 115



Sagittal

A Ex vivo biodistribution 2 hour post injection
30+

204

Transversal —|

%IDig

10+

Figure 5.4 Biodistribution of ['''In]In-DTPA-LFE6874

Ex vivo biodistribution was determined 2 h post intravenous injection of
['"'In]In-DTPA-LF®87A At the same time point a representative SPECT/CT
images: B) Coronal, C) Sagittal, D) Transversal slices and E) maximum
intensity projection. h = heart; 1 = liver.

5.1.2. Pharmacokinetics of radiolabelled PAL1 versus PAWT in tumour bearing mice

evaluated by dynamic SPECT/CT imaging

To select a suitable tumour model to test the LT delivery system in vivo, aspects concerning
tumour growth and morphology were compared on a pilot experiment, where
immunocompromised mice were inoculated with CAPAN1, HT1080 or MDA-MB-231 cells
(see Appendix, Figure A. 9, page 179). MDA-MB-231 tumours demonstrated to have a
medium-fast growth rate, and no visible ulceration within the time frame of the study was
observed. HT1080 showed a fast-tumour growth presenting ulcerations within the first two
weeks of experiment. Contrastingly, CAPAN1 showed a slow tumour development,
requiring 8 weeks on average to reach a tumour volume adequate for in vivo imaging
experiments. Therefore, MDA-MB-231 cell line was selected as the xenograft tumour

model.
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In vitro saturation assays using [!!'In]In-DTPA-PALI or [''!In]In-DTPA-PAWTX363C (see
section 4.2.3) demonstrated that both radiotracers are able to bind to CMG2 receptors in
MDA-MB-231 cells. To compare the pharmacokinetics and pharmacodynamics between the
furin-cleavable PAWTX3%C and MMP-cleavable PAL1, MDA-MB-231 tumour bearing
mice were injected with either radiotracer. For the purpose of this result chapter, “receptor”
refers to all PA receptor/binding sites including the two currently identified (CMG2 and
TEMS) and any potentially unidentified receptors. Whole-body dynamic SPECT scans were
performed to compare blood clearance and tumour uptake of [!''In]In-DTPA-PALI or
[MIn]In-DTPA-PAWTK63C ysing mice bearing MDA-MB-231 tumours. VOI analysis of
the dynamic SPECT images were used to determine TACs for blood (heart) and tumour

(Figure 5.5.A-B).

A previous toxicological study, supported by assays based on immunodetection,
demonstrated that 0.6 nmol of PAWT saturates its receptors in mice [273]. Hence, 0.2 nmol
PA, with a molar activity of 50 MBg/nmol, at the time of injection, was intravenously

injected in mice to avoid a decrease in target-to-background radioactivity ratios.
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Figure 5.5 Pharmacokinetics of ['!'In]In-DTPA-PALI1 and [!''In]In-DTPA-

PAWTXS6C jin MDA-MB-231 tumour bearing mice

A) Blood time activity curves were determined by the percentage of
injected dose (%ID/mL) obtained from dynamic SPECT image
analysis of VOI placed in the heart, and B) tumour. C)
Representative coronal MIP SPECT images at different times (min)
after administration of radiotracer. h=heart; I=liver; s=spleen;
k=kidney, b=bladder; t= tumour. n=2 for [!!!'In]In-DTPA-PALI
injected mice.
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SPECT image analysis revealed a distinct pharmacokinetic profile for the two radiolabelled
versions of PA as depicted in Figure 5.5.C-D. The parameters obtained from the model
which presented the best experimental data fit are summarised in Table 5.2. Blood clearance
of [MIn]In-DTPA-PAWTK6C presented a mono-exponential decay with a blood half-life
of 22.4 + 2.3 min reaching low concentrations and a plateau of 1.8 + 0.2%ID/g. In contrast,
the blood clearance of [!!'In]In-DTPA-PALI followed a biphasic pattern, with a fast half-
life (55% fast clearance) and slow half-life (45% slow clearance) indicating a process of

distribution and elimination of radiotracer.

Table 5.2 Parameters describing pharmacokinetic of [!!'In]In-DTPA-PAWTXS63C or
['"'In]In-DTPA-PALL1 in the blood

Radiotracer Preferred Plateau Half-life (min) K Rate Constant
[!''In]In-DTPA- model (%ID/mL) (min™)
PAWTKS63C One phase 1.8+0.2 224+23 0.03
PAL1 Two phases  12.2+5.0 Fast: 7.9 £ 1.0 Fast: 0.09 0.2

Slow: 100.2 +5.0  Slow: 0.006 £+ 0.005

At 3 h post administration of [!!'In]In-DTPA-PAL1 more radioactivity could be observed in
SPECT images and a different distribution pattern when compared with mice injected with
[MIn]In-DTPA-PAWTK63C The significantly lower blood concentration of [!!!In]In-
DTPA-PAWTXSC when compared to [!''In]In-DTPA-PAL1 (Figure 5.5.A) is in
accordance with results previously described in the literature. Moayeri et al. described that
after 2 h post administration of PAs, plasma concentrations of PAL1 were higher than PAWT
molecules, reaching 20 fold difference at 6 h post administration [273]. In the same study,
in vitro analyses using PAWT molecules and proteases inhibitors demonstrated that serine
proteases present in the plasma catalyse PAWT degradation to a C-terminal 63 kDa fragment
[273]. Considering that PAWTX363C was radiolabelled site-specifically at the 563 amino acid

position (cysteine residue), in the case of a proteolytic degradation by furin enzyme, the
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63 kDa C-terminal fragment would still be seen. Hence, the biodistribution observed in mice
injected with [!''In]In-DTPA-PAWTX63C ig either due to the fragment or to the complete
molecule. The fast clearance, however, indicates that it is likely due to the cleaved
PAWTX9C, which is being cleared from the blood stream faster than it is interacting with

its receptors.

Moreover, the difference in tumour uptake kinetics of [!!'In]In-DTPA-PAWTX%3C versus
[MIn]In-DTPA-PALI suggests that PAWT is being cleaved in the blood and cleared much
faster than PALI1. Possibly, [!!'In]In-DTPA-PAWTX%C is been removed from the blood
stream before molecules reach its receptors, accumulating significantly less in MDA-MB-
231 tumours (P = 0.02) and other target organs, such as heart and liver (see Figure 5.5.C-D).
The higher tumour accumulation of ['!!'In]In-DTPA-PALI over time compared to ['!'In]In-
DTPA-PAWTXC gheds light on previously reported results where these molecules were
used for therapeutic purposes. In one study, Liu et al, observed that administrated LF
combined with PAL1 presented an enhanced therapeutic advantage over PAWT/LF
treatment in reducing the tumour burden in xenograft models indicating a higher delivery of
LF molecules to tumour tissue [274]. The two possible explanations are (1) that both
molecules present the same tumour uptake and that PAL1 is more effectively cleaved and
activated into competent pre-pores, (2) or that more molecules of PALI1 are reaching the
tumour site and delivering LF. Based on the higher uptake of [!!'In]In-DTPA-PALI in the
tumour tissue and slower blood clearance observed here, the second assumption is likely to

be correct.

Maximum intensity projection images demonstrate a clear higher uptake of [!!'In]In-DTPA-
PALI1 in the tumour tissue when compared to [!''In]In-DTPA-PAWTX%3C at 3 h post
administration of the radiotracer (see Figure 5.6.E-F). However, the long blood half-life of

[!'"'In]In-DTPA-PAL1 when compared to ['''In]In-DTPA-PAWTX3%3C could influence
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tracer uptake as determined by ex vivo biodistribution analysis in highly perfused organs
such as the kidney, liver and lungs, as well as the tumour (see Figure 5.6.A). In addition,
tumour-to-blood ratios demonstrated a higher target-to-background signal for [!'In]In-
DTPA-PAWTX%C when compared to [!!'In]In-DTPA-PALI (see Figure 5.6.B-D). Hence,
the specificity of the radiotracer binding for anthrax receptors would require a blocking

experiment with the use of cold PAWT/PALL.

Ex vivo biodistribution performed in mice injected with [!!'!'In]In-DTPA-PAWTXC
demonstrated that the mainly targeted tissues were the heart (5.89 = 1.33%ID/g), lungs
(13.67 = 3.09%ID/g), kidneys (143.71 £+ 18.89%ID/g), spleen (35.98 + 8.40%ID/g), liver
(15.68 = 4.41%ID/g) and small intestine (6.28 + 0.38%ID/g) (see Figure 5.6.A). As
expected, [''In]In-DTPA-PALI biodistribution showed a similar global pattern albeit at
significant higher concentration (P = 0.01) in all organs mentioned before but liver and
spleen possibility due to fast saturation of anthrax receptors by radiotracer. Higher
concentration can be due to higher blood values due to increased plasma stability of PAL1

molecules which are resistant to cleavage by proteinases present in the blood stream.

Previous work demonstrated that anthrax receptors are present in different human tissues at
the transcriptional level [157] in the same organs which were target by radiolabelled PAs
injected in mice here. These results indicate that even though both PAs might be targeting
anthrax receptors, as mentioned before, in order to test the specificity of the binding,
blocking experiments using excess of unlabelled PAs are necessary. Otherwise, the use of
knock out mice models for the anthrax receptor could also further confirm the results

reported here [275].
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Figure 5.6 Biodistribution of [''In]In-DTPA-PAL1 compared to [!!'In]In-DTPA-
P AWTK563C

A) Ex vivo biodistribution of radiolabelled PAs in MDA-MB-231
tumour-bearing mice after gamma-counting represented by (%ID/g).
B) Tumour and C) blood uptake at 3 h post administration of
radiotracer. D) Ratio of radioactivity concentration in tumour tissue
versus blood. E-F) SPECT representative maximum intensity
projections at 3 h post intravenous administration. n=2 in [!!'In]In-
DTPA-PALI injected mice.
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5.1.3. Ex vivo tumour autoradiography of !''In-radiolabelled PAs

To further investigate the distribution of [!!''In]In-DTPA-PAWTX*63C and ['!'In]In-DTPA-
PAL1 within MDA-MB-231 tumour tissue at higher resolution, tissue sections were imaged
by autoradiography. Ex vivo autoradiographs reflected globally higher accumulation of
['"In]In-DTPA-PAL1 (Figure 5.7.A) in the tumour compared to ['!'In]In-DTPA-
PAWTKS63C (Figure 5.7.B), which is consistent with the SPECT imaging results (see Figure

5.7).

The same tumour sections imaged by autoradiography were stained for CMG2 by
immunofluorescence, to evaluate if the presence of the receptor correlated with PA delivery
on a microscopic level. CMG2 expression was observed throughout the tumour section, with
noted membrane expression (inset Figure 5.7). Unexpectedly, the areas showing higher
levels of radioactive compound did not correlate with those presenting higher CMG2 levels
(Figure 5.7). It is possibly that the heterogeneity observed for radiotracer distribution might

be correlated with the histological structure of tumour.

Haematoxylin and eosin staining (H&E) of adjacent tissue sections was performed to obtain
structural information and to shed some light into the tracer’s distribution. Comparing H&E
staining with autoradiography images of tumour sections suggested that radiotracer
concentrations are lower in areas characterised by reduced cellularity, characteristic of
necrotic regions within the tissue (Figure 5.7) and, on the other hand, uptake is increased in
areas of viable tumour cells. This might indicate the necessity of membrane and cell

conservation in order for the radiotracer to have access to CMG2 receptors.
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Figure 5.7 Differential accumulation of !''In-radiolabelled PAs in CMG2 expressing
tumours.

Ex vivo autoradiography (AR) from representative MDA-MB-231
tumour sections of mice sacrificed 3 h post administration of either
(A) ["MIn]In-DTPA-PAL1 or (B) ['!'In]In-DTPA-PAWTKS6C,
Immunofluorescence of the tumour tissue for CMG2 was performed,
and for nuclear staining DAPI was used. Control demonstrates the
specificity of CMG2 staining. Arrows indicate two correspondent
areas from Haematoxylin and eosin (H&E) staining which
correspond to reduction of radioactivity and a necrotic region.
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5.2. Delivery of ['''In]In-DTPA-LFE%7A by PA pre-pores

Based on the pharmacokinetic profiles, [!!'In]In-DTPA-LFE687A was considered to be the
best molecule to be delivered by PAL1 pre-pores to tumour tissues. The faster clearance of
[!'"'In]In-DTPA-LFn would limit its delivery. In addition, the slow but steady increase in
tumour uptake of PALI over time indicated that a co-injection of PAL1 with ['"In]In-
DTPA-LFES7A would be advantageous. Therefore, the next step was to inject MDA-MB-
231 xenograft bearing mice with ['"'In]In-DTPA-LFE%7A, The groups were designed to

evaluate if the delivery of the radiotracer was mediated by MMP cleavage (see Table 5.3).

The design for the different experimental groups aimed to test different components which
are required in the LT delivery system. Group I was designed to present MMP imaging in
MDA-MB-231 tumour tissue, since 0.2 nmol PAL1 was co-injected with 0.1 nmol ['!'In]In-
DTPA-LFES87A (100 MBg/nmol, specific activity at the time of experiment). All the other
experimental groups were divided in two different categories: (1) presenting a blocking pre-
injection (groups II and III) previous to ['''In]In-DTPA-LFE%474/PAL1 co-injection, (2) or
the radiotracer was co-injection with a different PA variant, either PAU7 (group IV) or
PAWT (group V). In order to evaluate the non-specific uptake, group VI was considered the

control group consisting of [1!'In]In-DTPA-LFES74 only.
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Table 5.3 Experimental groups injected with [''In]In-DTPA-LF%7A for MMP
imaging in MDA-MB-231 mouse bearing xenografts

Group Protective Pre-injection 1 h Function
Antigen before
co-injected
I PALI none Forms pores upon "MMP cleavage and

2CMG@G? interaction.

I PALL PAU7 Excess of PAU7 molecules block PALL1
interaction to CMG2 receptor.

I PALI LFE687A Excess of unlabelled LFES®7A block
radiotracer interaction with PAL1 pores.

v PAU7 none It is not cleaved thus do not form pores
but interacts with CMG2 receptors.

A% PAWT none Forms pores upon furin cleavage and
interacts with CMG2 receptor.

VI none none Non-specific uptake of radiotracer

'Matrix metalloproteinase; *Capillary morphogenesis gene 2

Due to the high blood concentration for ['''In]In-DTPA-PALI 3 h post administration,
imaging was performed 3 and 24 h post injection of the radiotracer (see Figure 5.8.A). After
the last imaging time point, the animals were culled and organs and tissues of interest were
excised and gamma-counted. VOI analysis of SPECT images demonstrated differential
tumour uptake for group I (6.1 £ 0.6%ID/mL, P < 0.05), where PAL1 is combined with
[''"'In]In-DTPA-LF®874 at 24 h post administration of the radiotracers , but not at 3 h (see
Figure 5.8.B-C). Interestingly, animals co-injected with [!!'In]In-DTPA-LFE87Aand PAWT
(group V) demonstrated a significantly lower tumour uptake if compared to the other groups

(at3h, P<0.05 and at 24 h, P <0.001).
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Figure 5.8 ['!'In]In-DTPA-LFE%7A biodistribution by SPECT imaging in tumour
bearing mice.

A) Representative MIP at 3 h and 24 h post intravenous co-injection
of 0.1 nmol ['"In]In-DTPA-LFE%7A and 0.2 nmol PA variants (I-
VI). B) VOI image analysis of MDA-MB-231 tumour uptake
(%ID/mL). Statistically significant differences are indicated by *P <

0.05; **P <0.001.
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Ex vivo biodistribution analysis of MDA-MB-231 tumours confirmed that in group I the
uptake (6.0 £ 0.6%ID/g) was significantly higher than the uptake observed for groups III,
IV, V and VI (P <£0.001) (see Figure 5.9.A). Surprisingly, group II, where an excess of
PAUT7 was pre-injected to prevent PAL1 interaction with CMG2, also a high tumour uptake
was observed (5.4 + 0.9%ID/g; P <0.001) which was significantly different from groups III
to VI. This result suggests that PAU7 does not efficiently block PALI interaction and
subsequent activation by MMPs. PAL1 might replace PAU7 molecules, which are
interacting with CMG2 receptors, be cleaved and oligomerise in stable PA pre-pores
establishing a stronger interaction to the receptors than PAU7 molecules, which does not
form a competent pore. Therefore, PALI interaction with the receptors is not an entirely
reversible process. However, tumour to blood ratios demonstrate that group I presents a
significantly higher signal-to-background ratio (P < 0.0001) when compared to all other

groups (see Figure 5.9.B).
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Figure 5.9 MDA-MB-231 tumour uptake of [!!'In]In-DTPA-LFE687A,

Ex vivo biodistribution of MDA-MB-231 tumours after gamma-
counting 24 h post injection of 0.1 nmol [!!'In]In-DTPA-LEE$7A
combined with 0.2 nmol PA variants (I-VI). Uptake is represented
by (%ID/g). B) Ratio of tumour and blood uptake. Statistically
significant differences are indicated by *P < 0.05; **P < 0.001;
**%k*P <0.0001.
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Control group VI, treated with just ['"In]In-DTPA-LFE7A, presented a similar ex vivo
biodistribution as group IV, where the tracer was co-injected with PAU7 (see Table 5.4). In
both groups IV and VI, the organs with higher uptake were liver (48.0 + 7.6%ID/g; 47.0 +
2.3%ID/g), spleen (30.1 £4.7 %ID/g; 29.8 = 16.1%ID/g) and kidneys (8.6 = 3.6%ID/g; 10.8
+ 2.9%ID/g). The high uptake in these organs suggests that ['!'In]In-DTPA-LFE687A
metabolism occurs via the liver and spleen with the mononuclear phagocyte system, and via
the kidneys with endocytic receptors. Tumour uptake was not statistically different between
these two groups (group IV 2.8 + 0.2%ID/g and group VI 3.3+ 1.1%ID/g, P = 0.85),
indicating that the presence of ['''In]In-DTPA-LFE67A observed is due to non-specific
processes. In fact, enhanced permeability and retention (EPR) effect is specially observed in

the abnormal tumour vasculature for macromolecules within the molecular weight range of

LFESSTA [276].

The specificity of [!!!'In]In-DTPA-LFE%87A interaction with PAL1 competent pre-pores, was
tested in group III, where mice were treated with a pre-injection of 100 fold excess of
unlabelled LFE687A (see Table 5.4). These mice presented a significantly reduction in tumour
uptake when compared to group I and II (P < 0.001), reaching the same level as the non-
specific uptake observed in control group VI (2.7 = 0.3%ID/g, P = 0.79). Additionally, the
reduction observed in liver uptake was significant when compared to group I (P < 0.0001)
indicating that sites were blocked by increasing LFE687A in the system [277]. Contrastingly,
a significantly higher concentration was observed in the blood (1.6 + 0.0%ID/g, P = 0.003),
heart (3.0 + 0.2%ID/g, P =0.003) and kidneys (25.6 = 4.0%ID/g P < 0.0001) when compared
do group I (Table 5.4). This might be explained by the saturation of both non-specific and
specific binding sites on the body by the pre-injection of unlabelled LF*¢87A molecules,
increasing the concentration of radiotracer in the blood stream and subsequently in the heart

and kidneys.
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In group V, where PAWT was co-injected with [1!In]In-DTPA-LFES®7A] tumour uptake was
significantly lower (P < 0.05) when compared to all the other groups. However,
concentrations of [!!'In]In-DTPA-LF687A were significantly higher in the spleen (P < 0.05),
lung (P < 0.0001) and liver (P < 0.0001). These results suggest that PAWT is interacting to
its cellular receptors and forming competent pores after cleavage, resulting in delivery of
[!'"'In]In-DTPA-LF®87 to these organs. In fact, Liu et al., has demonstrated that hepatocytes
are targeted by anthrax toxin, and the liver is considered a key tissue for anthrax toxin-

induced-lethality in mice [275].

Table 5.4 Ex vivo biodistribution values (%ID/g) 24 h after radiotracer injection in
MDA-MB-231 tumour bearing mice.

Group I II I AY \Y VI
['''In]In-DTPA- PALl +  PALI+

LFE687A PAL1 PAU7 LFEss7A PAU7 PAWT none
Blood 04+0.1 09+04 16+00 13+02 06+0.1 17+04
Tumour 6.0£0.6 54+09 27+03 27+02 1.1+£02 33=1.1
Heart 1.8£0.13  22+0.7 3.0+02 21+04 1.0+£0.0 25+08
Lung 23+02 22+03 32+03 23+02 62+13 2608
Liver 53.8+£2.1 60.9+75 249+12 48.0+7.6 62.5+10.1 47.0+2.3
Spleen 51.8+£203 62.8+£212 482+28 309+47 126+42.8 29.8+16.1

Stomach 0.7+0.2  07+02 08+02 0.8+04 07+0.1 10+02

Large intestine 2.6 £ 0.4 24+04 32+£06 25+02 28+£05 3.7+04

Small intestine 2.8 +0.1 20+02 20+02 1.7+£03 12+£01 19+04

Pancreas 0.7+0.2 1.0+03 12+02 10+£03 03+£01 12+03
Kidney 5.8+1.8 54+06 256+40 86+36 53+0.7 10.8+29
Skin 21+£19 1.8+x14 22+0.6 1.6+0.1 03+£0.0 14+02
Muscle 0.4+0.1 0601 05+£02 0601 0.12+£00 0.5+0.2
Fat 0.8+0.4 08+02 1.6+1.1 1707 05+0.7 1.1+04
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5.2.1. Ex vivo tumour autoradiography of [!!!'In]In-DTPA-LFE®7A distribution

compared to MMP14 and CMG?2 expression

To investigate the microdistribution of ['"In]In-DTPA-LFE67A within MDA-MB-231
tumour tissue, sections were analysed by phosphor imaging autoradiography and H&E
staining, which gives the structural information of the tumour histology (see Figure 5.10).
Adjacent tissue sections were stained for CMG2 and MMP14 by immunofluorescence (see
Figure 5.11). Notably, ex vivo autoradiographs reflect globally higher accumulation of
[MIn]In-DTPA-LFE687A for tumours in group I and IT — co-injected with PAL1 — as observed
by SPECT images when compared to the other experimental groups. H&E staining
demonstrates that radioactivity is mainly associated with viable tumour tissue in group I. In
contrast, in group II a higher association of radioactivity was observed within the necrotic
regions. In the other experimental groups (I1I-VI) the radioactivity is mainly associated with
necrotic regions and capsule of the tumour, suggesting that tumour uptake in these groups is
due to non-specific uptake possibly as a result of EPR effect since there is a higher back-

ground-to-target effect in these groups.

The immunofluorescence staining of CMG2 and MMP14 revealed the codistribution of the
two proteins mainly in areas where the tumour tissue was viable (see Figure 5.11). Similarly,
the PAL1-mediated uptake of ['!'In]In-DTPA-LFF%74 was concentrated in these regions of
higher cellularity observed by H&E staining. Contrastingly, within the tumour necrotic
centre less radiotracer was observed. However, the regions with higher uptake of [!!!In]In-
DTPA-LFES87A was not related with higher expression of CMG2 or MMP14 indicating that
other variables, which were not investigated here, such as, tumour vascularity, tissue

viability at the molecular level, might be influencing the microdistribution of the tracer.
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Co-injected with:

PAL1

PAL1
+ 3 nmol PAU7
(preinjection)

PAL1
+ 10 nmol LFEG87A
(preinjection)

PAU7

PAWT

none

[""In]In-DTPA-LFESS7A

AR H&E H&E

Figure 5.10 Specific delivery of [!"'In]In-DTPA-LF!67A to MDA-MB-231 tumour

tissue in the presence of PAL1 pores.

Ex vivo autoradiographs (AR) from representative MDA-MB-231
tumour sections at 24 h post administration of ['''In]In-DTPA-
LFES87A co-injected with PAs. Haematoxylin and eosin (H&E)
staining of MDA-MB-231 tumour section and magnification.
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["""In]In-DTPA-LFESS7A + PAL1

AR H&E

Max

Min

Figure 5.11 CMG2 and MMP14 expression in tissue sections codistributes with
PALI1-mediated delivery of [!'In]In-DTPA-LFE687A
Ex vivo autoradiographs (AR) from representative MDA-MB-231
tumour sections at 24 h post administration of ['''In]In-DTPA-
LFES87A co-injected with PAL1. Haematoxylin and eosin (H&E)
staining of MDA-MB-231 tumour section. Immunofluorescence for
MMP14 and CMG2 was performed in adjacent sections using DAPI

for nuclear staining. Control staining was performed with secondary
antibodies only.
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5.3. Discussion

Growing evidence associates the role of MMP activity with changes in the
microenvironment during tumour progression in different types of cancers [61, 68].
Molecular imaging is a promising method to visualise the clinical function of MMP activity
in cancer. Here, a novel imaging agent was developed, using an MMP-activated pre-
targeting approach, based on the Bacillus anthracis LT system. Previous work by Leppla et
al. showed in detail that PAL1, an MMP-cleavable PA variant, allows for selective delivery
of LF, to tumour tissue in vivo, for therapeutic gain [223, 225, 226, 256]. Here, this system

is exploited to develop a molecular imaging agent using radiolabelled forms of LF.

In the current chapter four radiolabelled components of the LT system had their
biodistribution and pharmacokinetic determined in mice models by SPECT imaging and ex
vivo biodistribution analysis. At first, a comparison was performed between the two non-
toxic variants of LF used in the current project; ['!!'In]In-DTPA-LFn and ['''In]In-DTPA-
LFES87A The difference in molecular weight resulted in distinct pharmacokinetic profiles.
[!"'In]In-DTPA-LFn was rapidly cleared from blood with accumulation in the kidneys. On
the other hand, [!!!'In]In-DTPA-LFE687A presented a much higher blood residence time within
the time of the study. The long blood circulation time observed for [!''In]In-DTPA-LFE874A
is in accordance with a toxicological study performed using Fischer rats injected with LT,
reported in 1963 [278]. In that study, Molnar and Altenbern injected rats with PA or LF and
then with PA, LF, or LT up to 24 h later. Injections of PA after LF caused death at all time
intervals up to 20 h. This indicates that LF remains in the blood stream at toxic
concentrations for up to 20 h. Similarly, 24 h after tail vein injections, [!!'In]In-DTPA-

LFE%37A was present in the blood (2.04 + 0.5%ID/g).
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Next, it was necessary to establish an in vivo tumour model compatible for the testing of LT
MMP-activity imaging sistem. Previously, it was reported that [!!!In]In-DTPA-LFE687A
delivers radioactivity to MMP14 and CMG2 expressing cells, CAPAN1, HT1080 and MDA-
MB-231 in the presence of PALI/PAWT (section 4.2.4). Based on the tumour growth
behavior, MDA-MB-231 cell line was chosen for the development of the in vivo model
(Appendix, Figure A. 9, page 179). We were discouraged from developing the negative cell
line xenograft, MCF7, by our veterinary team due to the requirement of using an oestrogen
supplementation [279]. However, since the LT-based probes are a pre-targeting system, it is
possible to use different control groups in order to test the specificity of this approach to
perform MMP activity imaging in MDA-MB-231 tumour bearing mice. Based on the
pharmacokinetic characteristics of [!!'In]In-DTPA-LF%87A this molecule was selected to be
used in assocition with PAL1 to target MMP activity associated with CMG2 receptors in

MDA-MB-231 in tumour models.

After determining the pharmacokinetic behavior of the two radiolabelled LF variants, the
pharmacokinetics and biodistribution of the two !''In-radiolabelled PA variants were
compared in MDA-MB-231 tumour bearing mice. SPECT image analysis demonstrated that
few PAWT molecules reach the tumour site. This can be possibly attributed to the fast blood
cleareance of [''In]In-DTPA-PAWTX363C a5 a result of proteases present in the blood stream
which can recognise the motif, RKKR [161, 162, 280]. Hence, even though furin is
upregulated in several cancers [221] and is actually required for MMP14 activation, the
current study further confirms that PAWT is not suitable to deliver [!!'In]In-DTPA-LFE874
to tumours. In contrast, ['"'In]In-DTPA-PAL1 molecules showed an increasing tumour
uptake pattern within the 3 h of the study and also a high blood concentration. Since the only
difference between PAWT and PALL is the labile sequence and their putative enzymes it

was evident that PAL1 molecules are more stable in the blood stream. This encouraging
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result has to be interpreted with caution since part of the accumulation of PAL1 molecules
in the tumour site might be due to the EPR effect observed for macromolecules in the tumour

tissue and to the blood fraction [276].

The biodistribution of [''"'In]In-DTPA-PAWTX®C was observed in organs where the
presence of the CMG2 receptor has been previously described [157, 201]. However, its fast
clearence from the blood pool, when compared to ['!'In]In-DTPA-PALI, indicates that part
of the observed [!''In]In-DTPA-PAWTX%C organ uptake, might rather correspond to
metabolism of cleaved PA molecules than to the interaction with its receptors. Renal uptake
of ['"'In]In-DTPA-LF®874 in animals also exposed to PAWT were similar to non-specific
uptake levels. This may indicate that the uptake of PAWT observed in the kidneys is not due
to competent PAWT pore formation. Conversely, mice treated with PAWT and ['!'In]In-
DTPA-LFE687A presented higher liver, lung and spleen uptake of '''In, suggesting higher
levels of intoxication in these organs. These results suggest that PAWT is interacting with
its cellular receptors and forming competent pores after being cleaved, resulting in delivery
of ['"In]In-DTPA-LFES®7A to these tissues. Liu et al., has demonstrated that hepatocytes are
targeted by anthrax toxin, and the liver is considered a key tissue for anthrax toxin-induced-
lethality in mice [275]. Although this tool could be used to study LT intoxication, the
delivery of labelled LF did not correlate with an earlier report by Liu et al. In this study, it
was demonstrated in various cell-type specific CMG2-null mice, that the key tissues
responsible for LT lethality are cardiomyocytes and smooth vasculature in the heart [243,

274, 275], indicating that targeting and toxicity of LT are not interchangeable for all organs.

Interestingly, the experimental group treated with [!'In]In-DTPA-LFE%*7A and PAWT
demonstrated the lowest tumour uptake compared to all other groups. This might indicate
that [!"'In]In-DTPA-LFE%72 might be delivered into cells by PAWT competent pores readily

formed in its target organs which are better perfused than tumour tissue. Another possibility

Page | 136



is that ['!'In]In-DTPA-LF %74 interacts in the blood stream with cleaved PAWT [228, 281]
molecules and the complex itself might interact with its receptors and deliver ['!'In]In-
DTPA-LFES87A molecules. Studies demonstrated that this is a possible mode of action of LT
intoxication mechanism, however, less effective than activation onto the cell surface before

interaction with LF [282].

Similar to SPECT quantification, ex vivo autoradiography of MDA-MB-231 tumour
sections demonstrated higher global accumulation of ['!'In]In-DTPA-PALI1 than ['!'In]In-
DTPA-PAWTXC, Surprisingly, the distribution of both radiotracers did not correspond to
the presence of CMG?2 receptors within the tumour tissue. However, necrotic regions whithin
the tumour showed lower concentration for both radiotracers autoradiography analysis.
Possibly, the severe cellular damage in these necrotic regions might result in less availablity
of CMG2 receptor to the radiotracers. To summarise, PAL] demonstrated promissing

distribution in tumour uptake and also pharmacokinetic compatible with LFE6874,

Lastly, PAL1-mediated ['!'In]In-DTPA-LFE%7A delivery to tumours was blockable with an
excess of LF, or could be reduced by replacing PAL1 with PAU7, or vehicle only, indicating
the PAL1 and thus MMP-depedendent cleavage of this interaction. Tumours were visualised
by SPECT imaging performed 24 h after co-injection of ['!'In]In-DTPA-LF%87A and PALI,
whereas they could not be visualised in the others experimental groups. Ex vivo
biodistribution and gamma-counting demonstrated tumour uptake of 6.0%ID/g for mice
treated with [''In]In-DTPA-LFES7A/PALI and a tumour-to-blood ratio of approximately
20. Notably, for the other groups, an uptake of approximately 3%ID/g was observed which
was mainly associated to necrotic regions of the tumour, which was confirmed by
autoradiography analysis and H&E staining. In fact, a similar effect was reported by
Heneweer et al., in a study where Zirconium-89 radiolabelled albumin molecules were

injected in mice bearing prostate cancer. They have observed an uptake of 5%ID/g
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considered to be non-specific because there are no receptors for albumin in this tumour
tissue. Aditionally, the radiotracer concentrated mainly in necrotic regions of the tumour, as
it observed here for the negative control group injected only with [!!'In]In-DTPA-LFE687A
[283]. However, there are different variables that could have resulted in the heterogeneity of
[''"In]In-DTPA-LFE87A distribution observed. Here it was examined if CMG2 and MMP14
expression would determine the microdistribution of ['''In]In-DTPA-LFE%7A by PALI pre-
pores to tumour tissues [284], but certain regions with higher radiotracer concentration did
not correlated with higher expression of either MMP14 or CMG2. Therefore, other possible
variables not tested here, such as vascularity network, vessel morphology, high interstitial
pressure, and percolation of the macromolecule could explain this differential

microdistribution of ['!'In]In-DTPA-LF874[285, 286].

5.4. Conclusion

The PALI/LF system developed here is distinctly different from any previously reported
MMP imaging methodology (section 1.7). Additionally, this system is advantageous because
does not rely on binding to an extracellular, potentially non-permanent epitope, but rather
depends on the build-up of radiolabelled ['!''In]In-DTPA-LF%74 within cells. Notably, the
LT system has the distinct additional advantage that upon cleavage of PAL1 by MMPs, the
PA pre-pore is capable of delivering multiple radiolabelled copies of [!!'In]In-DTPA-
LFES87A to the cytoplasm of tumour cells. All these characteristics resulted in a specific high,
MMP-activity targeting probe for SPECT imaging. Taken together, our results indicate that
radiolabelled forms of mutated anthrax lethal toxin hold promise for non-invasive imaging

of MMP activity in tumour tissue.
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Chapter 6
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6. Chapter 6: Summary and Future Perspectives

6.1. Introduction: Novel imaging agent for MMP activity in tumours

Matrix metalloproteinase (MMP) are a family of zinc-dependent proteases that can degrade
most components of the extracellular matrix (ECM). MMP activity is essential for tumour
growth, allowing cancer cells to invade surrounding tissues and metastasise, as well as
interact with the local tumour immune environment [68, 287, 288]. The roles of MMPs
include proteolytic degradation of the ECM, modification of cell-cell and cell-ECM
interactions, stromal interactions, tumour cell migration, epithelial-to-mesenchymal
transition, and angiogenesis. The structure, regulation and substrates of MMPs have been
extensively reviewed elsewhere [289-291]. In particular, the gelatinases MMP2 and MMP9,
as well as the membrane-anchored MMP14 have been strongly implicated in the above
processes. Overexpression of these biomarkers correlates with a cancer’s overall
aggressiveness [59]. In addition to their role in cancer, MMPs are also implicated in
cardiovascular diseases, neurodegenerative disorders such as Alzheimer's disease or
Parkinson's disease, autoimmune diseases, and several pulmonary and oral pathologies [60].
Although early attempts to target MMPs using small molecule inhibitors for cancer therapy
were largely unsuccessful in clinical trials [240, 292], MMPs remain a viable and highly
desirable therapeutic target based on promising preclinical results and their role in disease

progression [293].

A molecular imaging agent that allows non-invasive imaging of MMP activity and related
proteins would allow in vivo visualisation of the processes outlined above, permitting early
detection, prognosis, and measurement of therapy efficacy. A diverse range of molecular
imaging agents have been developed over the past 20 years, summarised in the first chapter
of this thesis (section 1.7). This range includes agents to be used with a wide variety of

Page | 140



molecular imaging modalities (SPECT, PET, MRI, and optical imaging). The agents are
based on a variety of targeting vector systems, including labelled small molecule MMP
inhibitors [294], antibodies targeting MMPs [295], or activatable, cleavable peptides [296].
With the exception of the latter, all of these imaging agents bind in a one-to-one fashion to
mostly soluble MMP enzymes present in the blood fluids, and in addition to issues regarding
pharmacokinetics and blood clearance, MMP specificity, and bioavailability, these
compounds seldom reach sufficient tumour uptake to be useful as MMP imaging probes
[287]. Notably, these imaging agents generally do not distinguish between the non-

catalytically active pre-forms and the active forms of MMPs.

Here, a modified anthrax lethal toxin (LT) system was used to visualise MMP activity on
the surface of tumour-cells [297]. Bacillus anthracis is a spore-forming bacterium that causes
anthrax disease [298]. As a means of suppressing its host’s immune response, the bacterium
produces a set of toxins to promote its own survival: Protective Antigen (PA), Lethal Factor
(LF), and Edema Factor (EF). After binding to the ubiquitous anthrax receptors (CMG2 and
TEMS), full-length PAsg; (83 kDa) is cleaved by furin or furin-like proteases to a 63 kDa C-
terminal fragment (PAs3) [231]. Thus, the PA is activated to form a hepta- or octameric pre-
pore on the cell-surface, creating a de novo binding site for LF and EF on the interface
between cleaved PAgz monomers [299]. After clathrin-mediated endocytosis, LF is threaded
through the oligo-PA pore, and is delivered to the cytoplasm, where it cleaves the N-terminal
from several MEKs, thereby preventing the activation of downstream factors resulting in

cytotoxic effects [300-302].

Liu et al. previously generated an engineered PA that requires cleavage-mediated activation
by MMPs, by modifying the amino acid sequence that acts as a substrate for furin cleavage
[233]. An MMP-cleavable version, PAL1, was generated by inserting an MMP-labile

sequence, GPLGMLSQ, between amino acids (1¢4RKKR1s7) of the original PA (PAWT).
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PAL1 allows MMP-selective intoxication of tumour cells in vitro, as well as tumour
xenografts grown in mice, combined with LF, incorporating the ADP-ribosylation domain

of Pseudomonas aeruginosa exotoxin A (FP59) [248].

Here, the use of this MMP-activatable system was expanded to allow molecular imaging of
MMP activity in mouse models of cancer, by SPECT imaging, using a radiolabelled
catalytically inactive version of LF, LFE%74 in combination with MMP-activatable PALI.
In this thesis, this novel pre-targeted imaging system demonstrated to be selective for MMP-
expressing cancer cell lines in vitro, and showed selective, non-invasive, in vivo imaging in
MMP-expressing tumours grown in mice. Below, the main results are summarised and
certain aspects of this approach will be further discussed. In conclusion, I examine the

potential role for the use of LT radiolabelled probes for cancer imaging and therapy.

6.2. Results and Discussion

6.2.1. PAL1 is cleaved and activated by MMPs

The validation of the enzymatic susceptibility for the different PA variants used here was
considered a key aspect for the development of LT based imaging probes. Therefore, in a
cell-free assay, the different PA molecules namely: furin-cleavable PAWT, MMP-cleavable
PAL1 and uncleavable PAU7 variants were incubated with different enzymes (for further
details section 3.2.1 ). Recombinant human MMP2 and MMP14, but not furin alone, were
able to cleave PAL1. As expected, only furin was able to cleave PAWT, and neither MMPs
nor furin were able to cleave PAU7. Cleavage of PAL1 by MMP2 and MMP14 at the

intended site was further confirmed by mass spectrometry.

Previously, PAL1 susceptibility towards MMP9 activity was demonstrated by our

collaborators [223], which together with MMP2 and 14, is linked with poor cancer
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prognosis. However, it is likely that other MMPs might be able to cleave PALI. This
hypothesis is considered because of the methodology used for the sequence selection of
PALI cleavable site. PAL1 was modelled after a reference peptide corresponding to one of
the natural substrates for MMPs (1, 2, 8, 9, 12, 13 and 14 [303]), the al chain of type I
collagen [304]. The PALI labile sequence was designed to be susceptible towards MMP2
and MMP9 cleavage. The residue substitution in PAL1 was chosen based on a previous
systematic study where 50 variants of the reference peptide (GPQG*IAGQ - al chain of
type I collagen) were submitted to cleavage by the gelatinases, but not MMP14. Nonetheless,
the resulting PAL1 sequence was susceptible to MMP14 cleavage. This highlights the known
overlap in MMP substrate preferences, and emphasises one of the challenges in designing

peptidic sequences with susceptibility towards a specific MMP [305].

However, since the initial experiments performed to elucidate the cleavage signatures or
physiological substrates for MMPs, bioinformatics and proteomic methods have evolved.
High-throughput cleavage profiling technologies associated with tools for analysis have
resulted in an increased testing space and improved sequence design [305]. This is well
exemplified by a recent study developed by Ratnikov et al., where 64 million sequences were
tested in a phage peptide substrate assay against 18 different MMPs using a multiplex
analysis [12]. The data originated from this study was compiled on a data base called
CleavPredict where proteolytic event predication for 11 different MMPs can be performed
in silico [29]. Indeed, PALT1 analysis of the cleavage site indicated that possibly MMPS, 10,
and all the membrane tethered MMPs could cleave its sequence. Based on these newer
analyses and also on the established central role of MMP14 in cancer progression, new PA
variants were design containing a different cleavable site aiming to increase the

susceptibility towards MMP14.
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6.2.2. PA variants designed for preferential MMP14 cleavage

In order to target MMP14 activity preferentially, four new variants of PA were designed
replacing the furin recognition cleavage site for a new sequence. All variants were tested and
compared to PAL1 and PAWT, as described below. Variant PANL12-I was designed based
on a natural substrate for MMP14, pro-MMP2 (CPKESCN*LFVLKD) [306]. A second
variant, named PAHL9-I, was based on the peptide sequence (CRPAH*LRDSG) recently
developed by Ouyang et al., with the aim to create a cellular biosensor for MMP14 activity.
This sequence was optimised by a phage substrate cleavage study and it was found to be
susceptible to MMP14 but not to MMP2 or MMP9 [307]. Contrastingly, the two other
variants used here, PAGL9 and PANLS, were designed by us using the MEROPS database,
which concentrates the most common residues around the scissile bond of substrates cleaved
by MMP14 described in the literature. In this particular case the number of cleavage events

computed for MMP 14 activity were 132 [308].

In the current work, Dr Leppla optimised the design for the four different primers to produce
clones presenting the relevant cleavage site on the scaffold of the original PA molecule. All
cysteine residues present in the original sequence were replaced to obtain a better charge
balance and to reduce the possibility of post-translational modifications of the engineered
protein (Figure 6.1.A). Dr Chen performed the mutagenesis work using Q5 Site-Directed
Mutagenesis Kit (New England Biolabs, USA), resulting in four plasmids encoding the new
PA variants. Dr Fattah was responsible for the expression and purification of the proteins

which were kindly provided to us.
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Figure 6.1 New PA variants and their susceptibility to MMP14

A) Engineered cleavage site of PA variants designed to be cleaved by
MMP14. SDS-PAGE of PAs prepared in a cell-free assay after incubation
for 16 h at 37°C with B) MMP2, C) MMP14 or D) furin. (*) Corresponds to
MMP14 not pre-activated with furin. E) New batch of PANL12-II and
PAHLOY-II. F) Data of cleavage patterns compiled for the different PA
variants.

Firstly, the susceptibility of these new PA variants was tested against MMP2, MMP14 or
furin enzymatic activity in a cell-free assay (Figure 6.1.B-C). Subsequent SDS-PAGE

analysis showed that PAGL9 and PANLS8 were susceptible to both MMP2 and MMP14,
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demonstrating that these sequences does not outperform PALI in terms of specificity.
Surprisingly, the PANL12-I variant was in fact an N-terminal truncated version with a mass
of only 40 kDa (Figure 6.1.B-C). However, this truncated version still contained the cleavage
site, which was cleaved by MMP14, but not by MMP2. Similarly, PAHL9 presented
preferential susceptibility for MMP14 activity. However, some protein degradation was
observed as bands between 20-60 kDa, which were also seen in the original sample. As
expected, the new variants were not susceptible to furin proteolytic activity. Both PANL12-
I and PAHLO-I were found to be the most promising samples regarding MMP 14 specificity,
therefore, the mutagenesis, cloning, protein expression and purification was repeated for
these two variants. Consequently, full-length PANL12-II was confirmed to be preferentially
cleaved by MMP14, when compared to MMP2 (Figure 6.1.E). Again, a yet unidentified
degradation product (MW 55-50 kDa) in PAHL9-II was observed. Notably, PALI1
demonstrated a consistent higher conversion of PAL1g3 to fragments (PAL1s3 and PAL120)
than any of the newly designed variants (Figure 6.1.F). However, this enzymatic cleavage
assay can be considered an artificial setting when compared to a cell-based assay, thus

further in vitro characterisation is warranted.

To test if the new variants would provide functional intoxication, cytotoxicity assays were
performed with all four variants, using HT1080 cells. This cell line expresses both MMP2
and MMP14. Cells were treated for 48 h with new variants of PA in association with the
fusion toxin (FP59). All treatments caused a significantly reduction in cell viability when
compared to the control group (P < 0.0001). The extent of this reduction was comparable to
PALI. This result demonstrates that all the new PA variants were able to form a competent

pre-pore to deliver FP59 to the cell cytoplasm, resulting in cell death (Figure 6.2).
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Figure 6.2 New PA variants deliver FP59 to MMP-expressing tumour cells

HT1080 cells were incubated with 3.5 nM PAs and fusion toxin 0.5

nM FP59 for 48 h prior to MTT salt addition. Absorbance was

measured at 495 nm and the percentage of the control was

considered as viability. Data are expressed as average + standard

deviation from experiments carried out in triplicate. This experiment

was performed one more time with similar results. ****P < (0.000.
Considering both the cell-free and the cytotoxicity data, PANL12-II was elected as the most
promising variant to preferentially target MMP 14 activity. The next question to be answered,
was if PANLI2-IT had the capacity to deliver radiolabelled LF®874  [1!n]In-DTPA-
LFE687A to the same extent as PAL1 or PAWT to HT1080 cells. To answer that, cells were
incubated with ['!'In]In-DTPA-LF %74 in the presence or not of PA variants for 3 h at 37°C
prior to cell lysis and gamma-counting measurements (see Figure 6.3). Surprisingly, the
amount of ['''In]In-DTPA-LF%74 delivered by PANL12-II in cell uptake experiments was
not statistically different (P > 0.05) from the other control conditions (II-IV). This result
contradicted the cytotoxic experiment, however, it is important to remember that to cause

cell death only few FP59 molecules are required [248]. In contrast, in the case of cell uptake

assay, it is necessary an efficient association between PANL12-II and LF®%74 to result in
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high cell uptake. It is likely that the modification of the cleavage sequence might have
resulted in deviations of the binding site formed by PANL12-II, which might possibly have
less affinity with radiolabelled LF molecules. However, other experiments should be
performed in order to test this hypothesis. Therefore, to conclude, the PA variants designed
here to be more susceptible towards MMP14 activity are not suitable for experiments in vivo

and more optimisation and characterisation is required.

HT1080
20

S [""In]In-DTPA-LFE687A
E s Added to:
> x & | —PANL12I
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Figure 6.3 PANL12-II does not deliver [!"'In]In-DTPA-LF®%7A to tumour cells

Percentage of total radioactivity added to cells normalised by protein
content. Cells were exposed to 25 nM of [''In]In-DTPA-LFE6874
with or without 80 nM PA proteins at 37°C for 3 h. The supernatant
was discarded and cells were washed and lysed, then the
radioactivity associated with cell lysate were measured in counts per
minutes. ****P < 0.0001. This experiment was repeated once more
presenting similar results.

6.2.3. MMP-mediated delivery by PAL1 of ['!'In]In-DTPA-LFE678A

The uptake experiments demonstrated that PAL1 was capable of delivering [!!'In]In-DTPA-
LFE%87A to cells and this interaction (PAL1/LF) was extensively characterised by other assays
(section 4.2.4). In Chapter 5, it was described that the specific tumour uptake of [!!'In]In-

DTPA-LFES87A only happened when mice were injected in combination with PAL1 (section
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5.2). Together, these results demonstrated that the chelator conjugation chemistry to LFE6874
using lysine-directed via p-SCN-Bn-DTPA and radiolabelling allowed the quantification of
its interaction with the cancer cells, both in vitro and in vivo. However, analysis by mass
spectroscopy of the starting products revealed that LFE687A was attached to 4-8 DTPA
moieties resulting in a heterogeneous mixture of chelator-protein conjugates. Each
subpopulation of this mixture can exhibit its own physicochemical, pharmacokinetic and,
biological properties, which can reduce the accuracy of the characterisation of the radiotracer
behaviour in vivo. Therefore, the radiolabelling reactions for LFES37A could be further
optimised with changes of the chemistry reactions used or with genetic engineering of these

proteins [309, 310].

In fact, great effort has been invested in the development of site-specific labelling. However,
these efforts mainly focus on antibodies although, the techniques can be applied to other
proteins. An obvious approach would be to genetically engineer LF to present one cysteine
as in PAWTK63C and LFn, creating the possibility to site-specifically modify the thiol lateral
group using chelators presenting maleimide [311]. Secondly, replacing residues for a non-
canonical amino acid such as selenocysteine and pyrrolysine, or non-natural amino acids via
genetic engineering, could also create sites in LFF374 which could be specifically modified

by chelators [312-315].

Despite some of these limitations, !''In-labelled LFE%7A was delivered to tumour tissue in
vivo upon MMP activation of PALI, enabling visualisation of MMP activity by SPECT
imaging. Additionally, a detailed characterisation of the system was performed and it was
demonstrated the selectivity for anthrax receptors, mainly CMG2. High affinity of
radiolabelled LFF6%7A for PALI1 pores in cells was also shown, specific delivery of [!!'In]In-
DTPA-LFE87A to cancer cells in vitro and in vivo. PAL1-mediated ['!'In]In-DTPA-LFE$7A

delivery to tumours was blockable with an excess of LF, or could be reduced by replacing
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PAL1 with PAU7, PAWT, or vehicle only, indicating the requirement of PAL1, and thus
MMP-depedendent proteolytic activity in order to present significant tumour upatke of

"In]In-DTPA-LFE6874,

Despite the successful results reported in this thesis, one limitation of the [!!'In]In-DTPA-
LFESS7A/PALL system to visualise MMP activity is the inherent high uptake of [!!!In]In-
DTPA-LFES87A in liver and spleen, possibly due to clearance of the tracer by the monocuclear
phagocyte system preset in these organs. [!!'In]In-DTPA-LFES¥7A pharmacokinetics was also
relatively slow, necessitating SPECT imaging 24 h after intravenous administration. Imaging
at earlier time points, 3 h after injection did not show differences from the background values
when compared to the longer interval. In contrast, ['!'In]In-DTPA-LFn, presenting a smaller
size (30 kDa), resulted in very fast renal clearance and therefore negligible liver uptake.
Therefore, LF variants of intermediate size (80-60 kDa) may present a better balance for in
vivo application by minimising the rapid, first-pass renal clearance observed for LFn while
reducing the circulation time of full-lenth LFE6%7A (90 kDa). Another possible advantage of
an intermediate-sized LF variant would be increased tumour penetration, since the faster
difusion rate through the vasculature network into tumours and through interstitial space is
generally correlated with a smaller size of the radiotracer molecule [316]. For example, in
vivo experiments comparing radiolabelled diabodies (60 kDa) to monomeric variable
fragments from antibodies (scFv, 30 kDa) in xenograft tumour models show that diabodies
have a significant advantage over monomoeric single chains [317]. In summary, the optimal
consctruct-size and pharmacokinetics behavior result from a balance among multifactorial
components, including, the speed of blood clearance associated with target affinity, the

absolute tumour uptake and the tumour-to-background ratios [318, 319].

Another aspect that can influence the in vivo biodistribution of ['''In]In-DTPA-LFE687A ig

the dose administered intravenously and its specific activity. In the current thesis a dose
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escalation study to evaluate whether different ammounts of ['!'In]In-DTPA-LFE687A or
PAL1 would result in increased tumour uptake and/or reduced non-specific uptake in off-
target organs was not performed. Conversely, higher doses might increase homogeneity and
overall tumour uptake of [!!'In]In-DTPA-LFE687A by the binding sites created by the PA pre-
pore. Furtheremore, increasing the injected dose might result in increased non-specific
uptake as observed for liver and spleen [320]. Given the low abundance of CMG?2 receptors,
and subsequent PA pre-pores (10%) it is likely that lower injected amounts and higher specific

FE687A

activities of radiolabelled L would result in an appropriate imaging signal and contrast.

With the current specific activity of 100 MBg/nmol, 1 in every 20 unlabelled LFE6374

presents a !!'In atom, hence the majority of LFE687A that are delivered by PALI1 pre-pores to

cancer cells are not labelled.

Finally, to develop a radiotracer for oncological use some requirements are made as the use
of high specific and selectivity, high plasma clearance and low plasma protein binding,
enhanced elimination to reduce effective dose, and low toxicity is important. High non-
specific binding as the one observed here for !'!In-radiolabelled LFE6%74 is a common reason
for the failure of a radiotracer to reach clinical studies [260]. In summary, we developed a
non-invasive MMP-activity imaging probe based on the PAL1/LF system that is distinct
from any previously reported MMP imaging methodology. However, to translate this system

into the clinic optimisation, as discussed above, is required.
6.3. Therapeutic Perspectives of LFE74/PAL1 system

As previously mentioned, LF/PAL1 has been used therapeutically, demonstrating
cytotoxicty mainly towards endothelial cells in solid tumours [224]. Interestingly, both of
PA native receptors, TEM8 and CMG2, have been implicated in tumour angiogenesis and

therefore have been considered themselves as potential targerts for cancer therapy [213,
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321]. Notably, here it was demostrated that the distribution of CMG2 was mainly
homogenous in the tumour tissue, in line with previous immunohistochemistry studies,
showing that CMG2 expression is not just limited to tumour vasculature [244]. Moreover,
autoradiography analysis confirmed that the distribution of ['!'!'In]In-DTPA-LFE®87A by
PAL1 pre-pores correlated with the presence of both CMG2 and MMP14 indicating that
targeting and toxicity of LT are not interchangeable and lies beyond tumour vasculature.
Previous work has reported that only cells that present a specific mutation in the B-Raf
protein are sensitive to LF, and otherwise the cancer cell is resistant to LF/PAL1 treatment
[243]. This indicates that other cells, inside the tumour lesion, where LF is deliverd by PAL1

pores, could be killed increasing the potency of the therapy.

A possible option would be to radiolabel LFE¥74 with an radioisope that presents therapeutic
as well as imaging properties. Lutetium-177 (1”’Lu) has been used in the clinic [322]. !"Lu
emits B particels with an intermediate energy (Pmax 490 keV) with a 0.7 mm as medium
range in tissue which can cause cell death via DNA double strand breaks [323]. Therefore,
7Lu-radiolabelled LF-based compounds could be delivered to cancer cells by PALI pre-
pores causing cell death. Possibly, this approach would increase overall cell death due to
targeted radiotherapy when compared to LF/PAL1. Another advantage about the physical
properties of '"’Lu radionuclide is the emission of low-energy y-rays at 208 and 113 keV
that allows concurrent SPECT imaging and consequently the collection of information about

tumour dosimetry.

FEO87A was not studied in the current work.

Finally, the immunogenicity of DTPA-L
However, it is known that non-modified LF and PA when injected in the blood stream
induces formation of neutralising antibodies which results in protective immunity [324, 325].

Previous preclinical work has demonstrated that 6 doses of LF/PALI are required in order

to promote tumour growth reduction. In fact, when mice are treated with a
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immunosuppressive drug regimen, the anti-tumour effect of LF/PALI treatment was much
more pronounced, demonstrating the influence of the immune system. Therefore, if a higher
therapeutic potency would be achieve as a result from beta particle emittion originated from
177-Lu would be proven, possibly the ammount of injections to achieve therapeutic effect
would be reduced and might facilitate the use of this strategy for cancer therapy [224]. To
conclude, radiolabelled forms of mutated anthrax lethal toxin can be a platform compatible

for targetted radiotherapy of cancer and it is a strategy that should be warrented.
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Appendix

A1l. Lethal Toxin variants characterisation
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Figure A. 1 Variants presenting engineered cysteine residue and DTPA conjugates

Spectra obtained from intact protein LC-MS for the different

maleimide-DTPA-conjugates.
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Figure A. 2 Variants presenting no engineered cysteine residue and DTPA conjugates

Spectra obtained from intact protein LC-MS for the different

maleimide-DTPA-conjugates.
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A2. Cleaved PAL1 and PAU7
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Figure A. 3 Fragments of PAL1 after MMP cleavage

Spectra of PAL1s3 (83 kDa) samples submitted to MMP cleavage
analysed by Liquid Chromatography-Mass Spectrometry. PAL1 was
exposed to MMP2 or MMP14. PAL1s3 (63 kDa) fragments presented
adducts corresponding to an addition of 6.4 Da, probably a
substitution of arginine to a tyrosine residue.
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Figure A. 4 Full-length PAU7 after MMP treatment

Spectra of PAU7s3 (83 kDa) samples submitted to MMP cleavage
analysed by Liquid Chromatography-Mass Spectrometry. PAU7
was exposed to MMP2 or MMP14. However, the starting mass
presented a difference of 50.6 Da indicating that a possible
substitution from one serine to a histidine amino acid might have
happened.
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A3. Raw data for Serum stability assay
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Figure A. 5 Serum stability of ['!'In]In-DTPA-LFt6874

Samples were incubated with mouse serum at 37°C under agitation.
At different time points samples were collected and analysed by
SDS-PAGE gel followed by autoradiography.
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Figure A. 6 Serum stability of [!"'In]In-DTPA-LFn

Samples were incubated with mouse serum at 37°C under agitation.
At different time points samples were collected and analysed by
SDS-PAGE gel followed by autoradiograms.
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Figure A. 7 Serum stability of ['!"'In]In-DTPA-PAWTX563C

Samples were incubated with mouse serum at 37°C under agitation.
At different time points samples were collected and analysed by
SDS-PAGE gel followed by autoradiograms.
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Figure A. 8 Serum stability of [!"'In]In-DTPA-PALI1

Samples were incubated with mouse serum at 37°C under agitation.
At different time points samples were collected and analysed by
SDS-PAGE gel followed by autoradiograms.
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A.4 Tumour growth curves
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Figure A. 9 Tumour growth and MMP14 expression for different cell lines

Growth curves of different cell types inoculated in mice (A-C). D)
MMP14 expression levels in tumour tissue were analysed by
Western Blot (n=2) and optical density plotted against the loading
control (B-actin).
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