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Chapter 1

Introduction:

Bioresponsive molecular imaging probes

Based on:

van Duijnhoven SMJ], Robillard MS, Langereis S, and Grill H. Bioresponsive molecular imaging
probes [review]. In preparation



Chapter 1

1.1 Molecular Imaging

Molecular imaging involves the non-invasive visualization and quantitative detection of
biomolecules in vivo by means of target-specific probes (1-5). Valuable applications of
molecular imaging are accurate disease detection, phenotyping, and staging by gathering
information on molecular pathways underlying biological and cellular processes in the
diseased tissue (1-6). Hence, molecular imaging is likely to play a pivotal role in the
stratification of patients for personalized treatment. Furthermore, molecular imaging is
clinical relevant in the discovery and development of drugs and for the real-time assessment
of the efficiency and efficacy of drug therapy (7,8). Next, it can contribute to improved
interventions by image-guided drug delivery and image-guided surgery (9-12). Finally,
molecular imaging has impact in the development of regenerative medicine and stem cell
therapies (6). In most molecular imaging approaches, target-specific molecular probes are
engineered to enhance image contrast at the target site. These conventional targeting
molecular imaging probes consist of a ligand that binds to an endogenous molecular target
and an imaging label for readout. Typically, the molecular imaging probes are designed to be
injected intravenously for targeting biomolecules accessible via the blood circulation. For
example, the active site of enzymes has been targeted with conventional probes, providing a
read-out for enzyme abundance (13). However, these probes lack the possibility to detect
the in vivo enzymatic activity as they are typically limited to a 1:1 probe-target binding
fashion. In that respect, a new subset of molecular imaging probes, known as bioresponsive
molecular probes, has generated a lot of attention. These activatable probes exploit full
advantage of the nature of the target. For example, protease bioresponsive probes have
been directed to the active site of the enzymes resulting in the cleavage and activation of
the imaging probe (14). Importantly, this will lead to signal amplification since the molecular
target can continuously activate the imaging probe and, moreover, it offers a read-out of
enzyme activity instead of enzyme abundance. Although bioresponsive probes have been
mainly restricted to fluorescence and bioluminescence optical imaging, recent progress has
led to the development of bioresponsive probes for multispectral optoacoustic tomography
(MSQOT), magnetic resonance imaging (MRI), and the nuclear imaging modalities single
photon emission computed tomography (SPECT) and positron emission tomography (PET)
(14-18). For optical imaging and MRI, bioresponsive probes have been reported that show
signal amplification by direct activation of the imaging label (i.e. probes that go from an “off”
to an “on” state) or by specific retention of the imaging probe at the site of interaction
through a specific biological or chemical mechanism. Bioresponsive radiolabeled probes for
SPECT/PET have been designed to show local retention and accumulation at the site of
interaction (Table 1.1). In this Chapter, the rationale behind the design of bioresponsive
molecular imaging probes will be discussed and their potential in vivo application will be
highlighted for the detection of endogenous molecular targets.
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Table 1.1: Overview of the two major types of bioresponsive molecular imaging probes and their
application in several imaging modalities.

Bioresponsive Probes Activation of Imaging Label Local Retention
Optical Imaging X X
Magnetic Resonance Imaging X X
Nuclear Imaging X

1.2 Bioresponsive optical probes: Activation of the optical imaging label

1.2.1 Protease sensitive bioresponsive optical probes

Proteases play crucial roles in physiology and pathology and have been identified as
attractive targets for molecular imaging of a variety of diseases, including cancer,
atherosclerosis, myocardial infarction, and neurological diseases (14-19). Multiple types of
protease bioresponsive optical probes have been developed in the last decades that are
specifically directed at the activity of the enzyme instead of enzyme abundance. These
probes include fluorescent auto-quenched probes, self-quenched or homo-fluorescence
resonance energy transfer (homo-FRET) probes, dual-labeled FRET probes, and luminescent
probes (14-19).

Fluorescent auto-quenched probes

Auto-quenched probes consist of peptide substrates typically linked via an amide to
fluorescein/rhodamin spirolactam or spirolacton derivatives, which are essentially optically
silent (20). The probe regains its fluorescence upon hydrolysis of the amide bond into an
amine and subsequent ring-opening of the corresponding spirolactam/lacton (11,21-24) (Fig.
1.1). For example, a caspase-3 and -7 auto-quenched probe was designed by conjugating
the peptide substrate DEVD to a rhodamine sphirolacton derivative. Release of DEVD peptide
by intracellular caspase-3 or -7 resulted in ring-opening of the sphirolacton, followed by a
strong enhancement of fluorescence (25) (Scheme 1.1).

So far, these probes use fluorophores that emit light in the visible region. Compared to
visible light, near-infrared radiation penetrates tissues more efficiently, up to several
centimeters, and show decreased absorption by natural proteins like hemoglobin (15,26,27).
Therefore, the development of auto-quenched probes based on near-infrared fluorophores is
the most promising route towards in vivo applications to visualize specific proteases.

Protease I
i\& Cleavage i\K <§7
_‘_
Figure 1.1: Auto-quenched probe. Attachment of a protease substrate to a fluorophore is

designed to result in a non-fluorescent structure. Proteolytic removal of the substrate results in the
restoration of fluorescence.
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Scheme 1.1: A caspase-3/7 sensitive auto-quenched probe. The rhodamine fluorophore is
activated upon release of the DEVD peptide substrate by caspase-3/7 (25).

Fluorescent self-quenched probes
Self-quenched probes or homo-FRET probes are typically large molecular imaging probes
that make use of multiple near-infrared fluorophores that are in close proximity to each
other. When excited, the fluorophores absorb energy from each other resulting in self-
quenching. The efficiency of energy transfer between the fluorophores is given by:
6
E= R—O [1.1]
R, +r°

where r is the distance between the fluorophores (&) and Ry is the Férster distance (A) (28).
The Forster distance Ry is the distance at which the energy transfer efficiency is 50% and is
typically in the range of 20-60 A. Proteolytic activation of these probes liberates the
fluorophores, resulting in the loss of homo-FRET, activating fluorescence.

Weissleder and coworkers functionalized a poly-L-lysine backbone with methoxy-terminated
poly(ethylene glycol) and multiple self-quenched near-infrared Cy5.5 fluorophores.
Degradation of the poly-L-lysine backbone by lysosomal cysteine/serine proteases resulted
in liberation and activation of the fluorophores (29-33). The range of applications of these
macromolecular probes (molecular weight of 450-500 kDa), was extended by inclusion of
various peptide substrates between the fluorophores and the backbone (Fig. 1.2). Following
this approach, activatable probes were developed for a variety of enzyme targets like
caspase-1, cathepsins D, E and K, HIV-1 protease, urokinase, and matrix metalloproteinase-
2 and -9 (34-45). For example, matrix metalloproteinase-2 (MMP-2) selectivity was
achieved by inserting the peptide GPLG-VRGK, an MMP-2 sensitive peptide sequence,
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between the backbone and the fluorophore (42). This probe showed a 3-fold enhancement in
fluorescence signal in tumor xenografts overexpressing MMP-2, compared to tumor
xenografts that were treated with an MMP inhibitor (Fig. 1.2). These self-quenched imaging
probes have been applied for in vivo protease detection in cancer, atherosclerosis, arthritis,
and heart failure in rodent models (29-46).

A B

Protease | Substrate | Ref

Caspase-1 GWEHD-GK 34
CathepsinD | GPICgF-FRLGK | 35
Protease .
U | 7 Cleavage Cathepsin E AGFSL-PAGC 36
— Cathepsin K GHPG-GPQK 37
AUls

{ Qé HIV-1 protease | GVSQNY-PIVGK 38
Q‘ / I Urokinase GGSGR-SANAK 39

\ / l N MMP-2 GPLG-VRGK 40-43

MMP-2 / MMP-9 GGPRQ-ITAG 44,45
Cé PEG =  Substrate

%\’ Self-quenched E I é_/ Activated

fluorophore /7 I \ fluorophore

Figure 1.2: (A) Schematic representation of a self-quenched polymer-based probe. Multiple
fluorophores coupled to a backbone lead to self-quenching of the fluorophores. Upon proteolytic
degradation of the probe, the fluorescence is restored. (B) The table shows applied peptide
substrates resulting in the development of a variety of enzyme-specific self-quenched probes (34-
45). (C) In vivo near-infrared fluorescence (NIRF) image of MMP-2 positive HT-1080 tumor-bearing
animals using an MMP-2 sensitive self-quenched probe. A 3-fold higher fluorescent signal was
observed in tumors of untreated tumor-bearing mice (left) compared to tumor-bearing mice that
were treated with the MMP inhibitor prinomastat (right). Figure C is reprinted with permission from
(42).
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In recent years, several other activatable self-quenched fluorescent imaging probes have
been developed for protease sensing. An MMP-9 sensitive liposomal nanoparticle was
developed that showed protease triggered release and activation of encapsulated
fluorophores in the presence of MMP-9 (47,48). Here, MMP-9 cleavable lipopeptides were
incorporated into the liposome bilayer. Degradation of the lipopeptide resulted in
destabilization of the bilayer and subsequent leakage and activation of the fluorescent dyes
that were present in the lumen of liposomes (Fig. 1.3).

3  Substrate
K == PEG
@“ ™ Lipios

N Self-quenched
fluorophore

E\l‘: Activated
V4 ] \, fluorophore
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Figure 1.3: Depiction of a self-quenched probe based on protease-degradable liposomes. Multiple
fluorophores encapsulated in the aqueous lumen of a liposome lead to self-quenching of the
fluorophores. Upon proteolytic degradation, the liposomes fall apart and the fluorophore is released
resulting in restoration of fluorescence.

6
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Another activatable self-quenched approach focused on the protease triggered release and
activation of fluorophores from a nanofiber precursor for the detection of urokinase activity
(49). The probe was composed of a self-assembling peptide sequence to which a fluorophore
was coupled via a urokinase sensitive peptide moiety. Spontaneous self-assembly of the
peptide probe resulted in an optically quenched nanofiber, in which the fluorophore was
released and activated upon urokinase digestion in vitro. In a similar approach, a near-
infrared triple helical peptide-based optical probe was developed. Each peptide strand was
flanked by two NIR fluorescent dyes. In the triple-helical structure, the fluorescence was
reduced due to quenching. In vivo studies in tumor-bearing mice showed MMP-mediated
degradation of the triple-helical peptide in tumors, resulting in the local release of
fluorophore labeled peptides and amplification of the fluorescent signal (50).

Fluorescent dual-labeled FRET-probes

The common feature of protease sensitive dual-labeled FRET-based molecular imaging
probes is the loss of FRET between a donor fluorophore and a distinct acceptor fluorophore
or non-fluorescent quencher upon enzymatic degradation of a substrate initially holding the
fluorophores together. For the first class, the distance between the two distinct fluorophores,
typically smaller than Forster radius (Equation 1.1), results in efficient FRET from the donor
fluorophore to an acceptor fluorophore yielding predominantly light emission of the acceptor
fluorophore. Proteolysis of the peptide substrate results in separation of the fluorophores and
loss of energy transfer (Fig. 1.4A). For the second class, efficient energy transfer will take

place between the donor fluorophore and a non-fluorescenct quencher, resulting in a low
fluorescent signal from the donor fluorophore. Degradation of the substrate results in the
dissociation of the fluorophore-quencher pair and leads to a significant enhancement in
fluorescence (Fig. 1.4B). A wide variety of FRET-probes, also classified as peptide-based
molecular beacons, has been described in the literature (51-71).

A
Protease
Cleavage C& &\O
_

—

B
Protease i&
Cleavage I

A == _é& &\.

Figure 1.4: Dual-labeled FRET-based probes, based on protease substrates labeled with (A) two
distinct fluorophores or (B) a fluorophore-quencher pair.
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Genetically encoded fluorescent sensors consisting of two distinct fluorescent proteins are
generally aimed for the colorimetric detection of intracellular proteases such as caspases or
kinases (51,52). These probes typically consist of a protease cleavable substrate (51) or a
conformationally responsive domain (52) sandwiched between two mutants of the green
fluorescent protein (GFP) capable of FRET. Degradation of the cleavable substrate or a
protease-induced conformational change of the linker domain is associated with a change in
distance between the two fluorescent proteins and thus a change in FRET. For example, the
genetically encoded caspase-sensitive FRET probe consisted of a cyan fluorescent protein
(CFP) and a yellow fluorescent protein (YFP) joined by a peptide domain sensitive for
caspase-1 or caspase-3 (51). Proteolysis of the peptide domains significantly enhanced the
distance between CFP and YFP, and resulted in a decrease in FRET. Recently, novel
genetically encoded biosensors have been reported that visualize MMPs at the extracellular
surface of the cell membrane (53-55). However, a specific limitation of these genetically
encoded probes for in vivo molecular imaging is the need for gene transfection of the
corresponding gene, which makes this approach a research instrument rather than a tool for
clinical translation.

In other strategies, organic near-infrared fluorophores have been successfully employed in
low molecular weight activatable FRET-based probes. For example, an MMP-7 substrate was
flanked with the organic Cy5.5 fluorophore and the organic near-infrared quencher NIRQ820
(56). A seven-fold increase in fluorescence was observed upon MMP-7 incubation. Recent
research has resulted in the development of activatable organic FRET-probes specifically
targeting extracellular proteases (57-65). One of these probes, a membrane-type matrix
metalloproteinase sensitive probe, consisting of the MMP-14 peptide substrate GRIGF-
LRTAKGG and a Cy5.5/BHQ-3 near-infrared (NIR) dye-quencher pair, was successfully used
to detect MMP-14 activity in tumor-bearing mice (Fig. 1.5) (65). Moreover, intracellular
enzymes have been effectively targeted with organic activatable FRET imaging probes. For
example, cell-permeable caspase activatable probes were developed for the noninvasive
detection of apoptosis in vivo (66-68). These probes consisted of a Tat-peptide-based
permeation sequence and a caspase recognition sequence (DEVD) flanked by a near-infrared
(NIR) dye-quencher pair.

Apart from organic fluorophores, inorganic particles like quantum dots and gold
nanoparticles have recently been exploited as donor and acceptor pairs for energy-transfer
based imaging probes (69,70). Gold nanoparticles demonstrated a 71% reduction of
quantum dot photoluminescence as was shown for a matrix metalloproteinase-activatable
quantum dot based luminescent probe (71). Quantum dots have advantages over organic
fluorophores, such as strong fluorescence, higher photostability against bleaching and
changes in physical environment, such as temperature and pH, and a narrow emission
bandwidth. Nevertheless quantum dots have limitations for in vivo use due to potential
cellular toxicity associated with Cd** or Se* ion release from the quantum dot core (72).
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Figure 1.5: (A) Molecular structure of the MMP-14 substrate GRIGF-LRTAKGG flanked by the NIR
dye Cy5.5 and the NIR quencher BHQ-3. (B) In vivo NIRF image of MMP-14 positive MDA-MB-435
tumor-bearing animals using the MMP-14 FRET probe. A 3-to-4-fold higher fluorescent signal was
observed in tumors of untreated mice (top row) compared to mice that were treated with the MMP
inhibitor prinomastat (bottom row). Figure B is reprinted with permission from (65).

Recently, the principles of FRET imaging and photodynamic therapy (PDT) have been
combined into the development of enzyme activatable photodynamic molecular beacons (73-
76). In photodynamic therapy (PDT), the cytotoxic agent 'O, is generated by light activation
of a photosensitizer in the presence of oxygen (77). Furthermore, near-infrared light
emission from the photosensitizer is typically observed. Activatable photodynamic molecular
beacons have been developed for matrix metalloproteinase-7, caspase 3, and fibroblast
activation protein, by flanking enzyme-specific substrates with a photosensitizer and a
fluorescence/!0, quencher (74-76). Near-infrared fluorescence imaging of a matrix
metalloproteinase-7 sensitive photodynamic molecular beacon showed tumor-specific
activation in vivo, suggesting tumor-specific delivery of the photosensitizer, which potentially
will contribute to improved tumor-specific photodynamic therapy (74).
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Bioresponsive luminescent probes

Bioluminescence is typically observed upon enzymatic oxidation of specific substrates by
luciferases (78). In bioluminescence imaging, the light production does not rely on external
excitation, and therefore background signals due to tissue autofluorescence are not present.
Luminescent activatable probes, also known as caged luciferase substrates, combine the
production of bioluminescence by luciferases with the enzymatic activity of other proteases.
In these probes, D-luciferin, the substrate for luciferase, is typically protected by a specific
enzymatic trigger (Scheme 1.2). The presence of the enzymatic trigger prevents the
enzymatic oxidation of the probe by luciferase. However, upon enzymatic digestion of the
trigger, D-luciferin is released and will produce a bioluminescent signal once consumed by
luciferase. This strategy has been employed to visualize a variety of enzymes in vivo in
disease, including B-galactosidase, B-lactamase, caspase, and furin (79-82). Similarly to
fluorescent genetically encoded FRET probes, activatable luminescent probes are valuable for

pre-clinical studies, but clinical translation is restricted due to need for gene transfection of
the luciferase gene.
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Scheme 1.2: A caspase-3/7 sensitive activatable bioluminescent probe. D-luciferin is released
upon cleavage of the DEVD peptide substrate by caspase-3/7 and is subsequently consumed by

luciferase resulting in a bioluminescent signal (81).
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1.2.2 pH-sensitive optical probes.

The important role of intracellular pH in cell, enzyme, and tissue activity as well as the
recognition that the tumor’s extracellular microenvironment is relatively acidic compared to
normal tissue has stimulated the development of pH-sensitive fluorescent imaging probes
(83-93). In the early days, pH-dependent probes were aimed at the enhancement of
fluorescence of the green fluorescent protein upon a decrease in pH (83). Other strategies
focussing on pH-dependent activation of the fluorescent imaging label used pH-sensitive
nanoparticles, e.g. liposomes or polypeptides that showed release and activation of
fluorescence of self-quenched fluorophores at low pH (87-89). More recently, a variety of low
molecular weight pH-sensitive auto-quenched fluorescent probes have been developed (Fig.
1.6). Most of these probes are specifically targeted to tumors and become fluorescent once
accumulated in acidic lysosomes (90-92). For example, a near-infrared pH-activatable
fluorophore conjugated to a RGD-peptide was successfully used for the targeting of a,f;
integrin expressing tumors (92). Subsequent a,B; integrin-mediated internalization of the
probe into acidic lysosomes resulted in an enhancement of fluorescence.

A Almost @

Non-Fluorescent
R _R?

AN

‘, |
Fluorescent O B e 1';_,«1.:J = )

Figure 1.6: (A) Reaction mechanism showing the reversible pH-dependent fluorescence activation
of a pH-sensitive optical probe. In the native state, the probe is essentially non-fluorescent due to
intramolecular photon-induced electron transfer from the aniline moiety to the fluorophore. Once
protonated, the probe becomes highly fluorescent. (B) pH profiles of fluorescence for various pH-
sensitive fluorescence probes. The pH ranges from pH 2 (left) to pH 9 (right) in single pH unit
increments. Figure B is adapted with permission from (90).

11



Chapter 1

1.2.3 Optical probes activated by reactive oxygen/nitrogen species

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) play a crucial role in
maintaining normal physiology. However, excessive production of ROS/RNS has been
associated to a variety of pathological diseases, such as cancer and cardiovascular disease
(94,95). Activatable fluorescent imaging probes for ROS/RNS detection are mainly based on
auto-quenched probes in which a fluorophore is coupled to a ROS/RNS trigger, resulting in a
non-fluorescent molecule (20,96). Reaction of these probes with ROS/RNS results in the
activation of the fluorescent moiety (Scheme 1.3). This approach has been extensively
exploited resulting in activatable fluorescent probes for a variety of ROS/RNS, including
hydrogen peroxide (H,0;) (97-104), peroxynitrite (ONOO") (105-109), superoxide (03)
(110-112), nitric oxide (NO) (113-115), hypochlorous acid (HOCI) (105-107,116-118), and
hydroxyl radical (-OH) (107,119). Other imaging approaches have focused on the
colorimetric detection of ROS/RNS (120-123) or used genetically encoded biosensors (124-
126).

ROS/RNS imaging methods have been applied in in vitro cell culture experiments, but
strategies to visualize ROS/RNS in vivo have been limited (105,127,128). The first in vivo
study employed nanoparticles formulated from peroxalate esters and fluorescent dyes (127).
Reaction of the peroxalate esters with hydrogen peroxide resulted in high-energy
dioxetanedione intermediates that subsequently facilitated excitation of the encapsulated
dye. This probe was used to detect hydrogen peroxide in the peritoneal cavity of mice during
a lipopolysaccharide-induced inflammatory response. Hydrogen peroxide production was also
visualized in tumor-bearing mice using a peroxy-caged luciferin-1 bioluminescent probe
(128). Selective reaction of this probe with hydrogen peroxide released firely luciferin that
subsequently was converted to a bioluminescent active moiety by firefly luciferase. This
probe was studied in firefly luciferase tumor-bearing mice and showed tumor-specific
activation. Panizzi et al. developed a ROS/RNS nanoparticle to which quenched oxazine
reporters were conjugated (105). Release of the oxazine reporters by ROS/RNS interaction,
in particular peroxynitrite and hypochlorous acid, resulted in restoration of its fluorescence.
This nanoparticle was studied in a mouse model of myocardial infarction and showed
enhancement of oxazine fluorescence in the infarcted areas of the heart.

1.2.4 Optical probes activated upon target binding

The final class of bioresponsive fluorescent imaging probes take advantage of a change in
conformation upon binding to its target facilitating a change in FRET between a donor
fluorophore and acceptor fluorophore or quencher. For instance, genetically encoded FRET
sensors based on GFP-mutants allow the intracellular colorimetric detection of e.g. ATP,
glucose, and metal ions like calcium, zinc, and cadmium (129-133). Shi and colleagues
developed a FRET oligonucleic acid-based aptamer probe in which a fluorescent label was
efficiently activated upon a conformational change of the probe induced by binding to a
tumor-specific receptor in vivo (134) (Fig. 1.7). In another strategy, a FRET-quenched
fluorophore of an oligonucleotide-based aptamer probe was activated upon binding to viral
RNA in virus-infected cells (135).

12
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Scheme 1.3: Reaction mechanism of various ROS/RNS activatable fluorophores. Shown are turn-

on fluorescein derivatives for (A) hydrogen peroxide, (B) peroxynitrite, (C) superoxide, (D) nitric

oxide, and (E) hypochlorous acid.
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Figure 1.7: Schematic representation of an activatable aptamer probe. In the absence of a target,
the probe is typically in a hairpin conformation, resulting in quenched fluorescence. Upon target

binding, its conformation is altered, resulting in activation of the fluorophore.

1.2.5 Fluorescence life-time imaging

For most fluorescence techniques, the increased fluorescence intensity upon activation of the
optical imaging probe is used as a measure of activation. Next to fluorescence intensity, the
fluorescence lifetime (FLT) properties of the fluorophores change after the activation of the
probe (136). The fluorescence lifetime describes the length of time between the excitation of
a fluorophore and subsequent fluorescent emission and can be influenced by changes in the
environment. For example, energy transfer between the donor and acceptor fluorophore in
FRET-based imaging probes results in a lower quantum yield as well as decrease of the
fluorescence lifetime of the donor fluorophore (137). Upon probe activation, the quantum
yield and lifetime are restored, resulting in an increase in fluorescence intensity and lifetime
of the donor fluorophore. Consequently, monitoring the fluorescence lifetime can be utilized
to assess whether in vivo probe activation has occurred.

1.2.6 Multispectral optoacoustic tomography

Recently, it has been shown that near-infrared fluorophores can be used for multispectral
optoacoustic tomography (MSOT) (138). This technique is based on the monitoring of
ultrasonic signals generated in response to light absorption of fluorescent imaging probes
and enables a reduction in scattering compared to traditional fluorescence imaging (15).
Typically, near-infrared dyes are characterized by a relatively low quantum yield. Therefore,
a major part of the extinction energy, more than 80%, is transferred to optoacoustic signals,
which can be detected up to several centimeters in large animals and humans (15). A self-
quenched MMP-2/9 probe (Fig. 1.2) as well as an MMP-2/9 sensitive FRET-probe has been
successfully applied as optoacoustic imaging probes (15,139). Proteolytic degradation of
these probes led to activation of fluorescence and a change in the spectral extinction
characteristics of the donor fluorophores (Fig. 1.8), allowing high accurate 3-dimensional
MSOT imaging of probe distribution in human carotid plaques (15).
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Figure 1.8: (A) Extinction spectra of a non-activated (dotted line) versus activated (solid line)
MMP-2/9 sensitive self-quenched probe. Extinction spectra of oxy- and deoxyhemoglobin (solid red
and blue line, respectively) are shown for reference. The inset shows the wavelength range that
was used for MSOT imaging. (B,C) Optoacoustic image of phantoms, containing the non-activated
probe in the left insertion and the activated probe in right insertion, at 635 nm and 675 nm
excitation, respectively. (D) Multispectrally resolved (MSOT) image showing the different state of
the non-activated and activated probe. (E) Planar fluorescence image (top view) for the non-
activated and activated probe showing the appearance of background due to light diffusion. Figure
adapted with permission from (15).

In summary, a unique feature of optical imaging is that the imaging probes can be turned on
upon activation by a specific endogenous molecular target, allowing high target-to-
background ratios compared to conventional targeting probes. However, the limited depth of
light penetration through human tissue hampers the application of both optical and
optoacoustic imaging probes for image-based whole-body in vivo diagnostics. Nevertheless,
these probes have a high potential to find applications in imaging of surface-located tissues
such as those encountered during endoscopic or optically guided surgical interventions
(6,10-12,140-142).
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1.3 Bioresponsive MRI probes: Activation of the MRI contrast agent

In contrast to optical imaging, magnetic resonance imaging (MRI) can be employed for
whole-body diagnostic imaging. MRI presents an attractive platform for molecular imaging
due to the conjunction of high resolution anatomical imaging and mapping of the activity of
specific biomarkers by MRI contrast agents. Unlike optical or radiolabeled molecular imaging
probes, MRI contrast agents, such as gadolinium chelates, do not directly generate a signal
but are detected through their ability to shorten the water proton relaxation times, i.e. the
longitudinal (spin-lattice) and transverse (spin-spin) relaxation times (T: and T,
respectively) (143). In a T;-weighted MRI image, Ti-shortening results in positive contrast
(bright spots), whereas in a T,-weighted image, T,-shortening generates negative contrast
(dark areas). The longitudinal relaxivity (r;) of a contrast agent is modulated by several
parameters (144,145), including the number of inner sphere water molecules directly
coordinated to paramagnetic complex (g), Tm the exchange rate of the metal-coordinated
water molecule with the bulk water, and 7: the rotational correlation time of the contrast
agent (Fig. 1.9). Smart MRI contrast agents have been developed that show a change in one
of these parameters upon interaction with a biochemical stimulus. Typically, these MRI
contrast agents go from an “off” state, with minimal effect on T,/T,, to an “on” state, with
large effect on T,/T. shortening (17,145,146). In the next paragraphs MRI imaging probes
will be discussed that generate a change in contrast as a result of activation of the MRI
contrast agent.
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Figure 1.9: Schematic representation of the most relevant parameters that influence the
relaxation of a gadolinium-DTPA-based MRI contrast agent: the rotational correlation time (Tr),
and the mean residence time of the water molecules at the inner sphere (Tm).
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1.3.1 Bioresponsive T,—weighted MRI contrast agents

Longitudinal relaxivity enhancement via modulation of water coordination sites

Several strategies have been explored to enhance the longitudinal relaxivity of paramagnetic
gadolinium complexes after its activation due to an increase in the number of water
molecules directly coordinated to the metal centre (Scheme 1.4). The first enzymatic
activatable agent has been reported by Meade and coworkers (147,148), in which the water
coordination site of gadolinium complex was blocked with a galactopyranosyl ring. Its
enzymatic cleavage by B-galactosidase resulted in opening of the water coordination site and
efficient T;-shortening. Another class of gadolinium based agents can interact with
endogenous metal ions, such as Ca®* and Zn?*, resulting in an increase in water coordination
sites and thus improved longitudinal relaxivity (149,150). A third class of activatable MRI
contrast agents uses pH-responsive gadolinium chelates that display relaxation enhancement
at acidic conditions (151-153).
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€0, N\-—co2 ozc\/

COZ\ _CB> o) o CO, v
----- Gd3*~N ~° N-— Gd3+ N
N °N

A4

Scheme 1.4: Gd®*-based MRI contrast agents displaying an increase in water coordination sites
upon activation, and thus enhanced longitudinal relaxivity. (A) Enzymatic activation of a
galactopyranosyl-masked Gd®>*-DOTA by B-galactosidase (148). (B) Activation of an MRI contrast
agent by a conformational change upon Ca** target binding (149).
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Changes in the longitudinal relaxivity of the protons of water molecules can also be
modulated by reducing the water mobility as has been reported for pH sensitive liposomes
containing gadolinium based complexes in its lumen (154,155). The liposomes are
characterized by a limited transmembrane water exchange rate. Therefore, the gadolinium
chelates encapsulated in the aqueous lumen of the liposomes have a low effect on the
longitudinal relaxivity of the protons of the bulk water molecules. At low pH, the contrast
agents are released and a strong increase in the longitudinal relaxivity is observed.

Relaxativity enhancement via modulation of rotational correlation time

Ti-shortening of the protons of water molecules can be achieved by slowing down the
molecular tumbling rate of the paramagnetic complex (1/7:) (156). Nivorozhkin and
coworkers have developed a carboxypeptidase B activatable MRI contrast agent that gained
affinity for the high molecular weight protein albumin upon activation resulting in a reduced
tumbling rate and therefore higher relaxivity (157). In similar approaches, activatable
albumin/protein binding Gd-based MRI contrast agents have been developed for the in vitro
detection of B-galactosidase and carbonic anhydrase (158-160). In another approach, Gd-
based MRI contrast agents showed polymerization upon specific activation by
myeloperoxidase (MPO), resulting in a slower tumbling rate and therefore in an
enhancement of the longitudinal relaxivity (161-165) (Fig. 1.10). In this approach, Gd-
labeled phenol derivatives are oxidized by myeloperoxidase resulting in tyrosyl radicals,
which will form dityrosine cross-links. Using this approach, MPO activity was visualized in
vivo in a mouse model of myocardial infarction (162).
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Figure 1.10: (A) Chemical structure of a myeloperoxidase (MPO) polymerizable Gd**-DTPA based
MRI contrast agent (161). (B,C) Mechanism of MPO catalyzed polymerization resulting in an
increased local concentration of the MRI contrast agent Gd°>* and enhanced Ti-relaxivity.
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1.3.2 Bioresponisve T,-weighted MRI contrast agents

Superparamagnetic iron oxide (SPIO) nanoparticles are widely used as T,-weighted MRI
contrast agents. Recently, it has been shown that clusters of SPIOs display faster T,
relaxation properties of the individual iron oxide cores compared to the non-clustered iron
oxide cores. Furthermore, clustering results in an increased concentration of the MRI
contrast agent and, therefore, both processes contribute to an enhanced transverse
relaxivity (166). Activatable SPIOs have been developed that cluster upon activation by
myeloperoxidase. In this approach, dopamine was attached to the surface of the SPIOs. In
the presence of myeloperoxidase and hydrogen peroxide, this phenol derivative is
transformed into a tyrosyl radical that causes dityrosine cross-links between the
nanoparticles (167). In another strategy, biotin and neutravidin coated SPIOs were shielded
with polyethylene glycol (PEG) that could be proteolytically removed by matrix
metalloproteinase-2 to initiate self-assembly (168,169) (Fig. 1.11).
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Figure 1.11: Mechanism of proteolytic actuation of iron oxide self-assembly. Avidin- and biotin
functionalized iron oxide nanoparticles are shielded by PEG chains. Upon proteolytic removal of
PEG, biotin and neutravidin particles self-assemble into clusters resulting in an enhanced
transverse relaxivity.
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In a similar approach, Schellenberger et al. designed iron oxide particles sterically stabilized
by PEG that showed significant aggregation by inter-particle electrostatic and magnetic
attraction upon matrix metalloproteinase-9 induced dePEGylation (170). Finally, Atanasijevic
et al. reported on SPIOs that were functionalized with the Ca®* sensing protein calmodulin
and showed Ca?* dependent protein-protein interaction driving particle clustering (171).

In contrast to the clustering of SPIOs, several iron oxide based imaging probes have been
developed that show disassembly upon probe activation resulting in a loss of relaxivity
enhancement. In these disassembly approaches, the individual iron oxide particles are
connected to each other by cleavable linkers. Following this strategy, probes has been
developed for the sensing of caspase-3, MMP-2, and endonucleases in in vitro experimental
settings (172-174). The fact that enzyme activation results in loss of relaxivity enhancement
challenges applications of this approach for in vivo imaging.

1.3.3 Bioresponsive paramagnetic CEST MRI agents

The last class of activatable paramagnetic MRI contrast agents induces MR contrast
enhancement utilizing chemical exchange saturation transfer (CEST) (17,175). Typically,
these CEST MRI contrast agents consist of metal-complexes containing exchangeable water
protons with a large chemical shift compared to the bulk water protons. Upon irradiation of
these exchangeable water protons using a selective radiofrequency pulse, the intensity of
the bulk water signal is reduced via chemical exchange saturation transfer. Bioresponsive
paramagnetic CEST agents have been designed that display a change in the CEST effect
upon interaction with a biochemical stimulus (17,175). For instance, Toth and coworkers
reported on a self-immolative paramagnetic CEST agent that showed enzyme-specific
degradation, whereby a carbamate was cleaved and transformed into an amine (176). Due
to the fact that the carbamate and amine differ in both the exchange rate and chemical shift,
a different CEST effect was observed upon activation (Fig. 1.12). Furthermore, other
enzymatic activatable and pH-responsive CEST agents have been developed by several
groups (177-182).

Figure 1.12: (A) B-galactosidase
?{\ ?{/‘\_\ specific cleavage and subsequent
o 'E__p\‘(l,it_— --0 B galactosidase E____Ybaj self-decomposition results in the
NN Se'f immolation | transformation of a carbamate into
8)\,@\_%/ HzN \—r//l an amine. (B) MR image of a
T phantom containing three tubes
ParaCEST filled with water, a solution of the
non-activated  (reference) and
i cleaved paramagnetic CEST agent.
vo o The arrow shows the paraCEST
OH effect. Figure B is reprinted with

HO oy permission from (176).
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1.4 Bioresponsive Probes Facilitating Site-Specific Retention of the Imaging Label

Activation of autoquenched, self-quenched, and FRET optical probes results in the transition
of a fluorophore from an “off” state to an “on” state. For the imaging probes that are
activated by extracellular proteases, e.g. matrix metalloproteinases, the fluorophores may
diffuse away from the cleavage site, resulting in lower signal-to-background ratios (183).
Similarly, activatable MRI contrast agents might also show wash-out after activation, except
for the activatable SPIOs. In order to avoid wash-out, a special class of activatable probes
have been developed in which not the fluorescent or MRI imaging label is activated, but
probe activation leads to retention of the imaging probe at the activation site, thereby
accumulating the imaging label in the target tissue and thus increasing signal. Importantly,
these types of imaging probes are not limited to one specific imaging modality. Hence,
probes were successfully developed for nuclear imaging strategies as well. In the following
paragraphs the different approaches to get specific retention of the imaging label will be
addressed. First, probes will be discussed that require the presence of a specific target for
activation and are not amendable to the detection of other targets. Thereafter, activatable
molecular imaging probes will be discussed of which its retention can be modulated for a
wider variety of targets by including different substrates/triggers.

1.4.1 Bioresponsive probes showing retention, but lacking tuning possibilities for novel
targets

An example of an activatable imaging probe that has a narrow target-application range has
been developed by the group of Ruoslahti (184,185). In their work, fluorescent probes have
been developed that specifically penetrate integrin and neuropilin overexpressing cells upon
proteolytic activation. These probes were successfully targeted to tumors through a three-
step process: first an RGD-peptide motif mediated binding to integrins on tumor
endothelium. Subsequent proteolytic degradation of the probe exposed a C-terminal
R/KXXR/K motif, which mediated neuropilin-1-dependent cellular penetration (185).

In another approach, fluorescent, MRI, and radiolabeled probe analogs have been developed
displaying specific cross-linking to thrombi by the activity of the transglutaminase FXIIIa
(186-190). Transglutaminase FXIIIa activity in a mouse model of myocardial infarction was
successfully detected using a radiolabeled analog (Fig. 1.13) (189,190). Re-design of this
probe aiming for cross-linking upon interaction with other enzymatic targets not showing
transglutaminase activity, such as matrix metalloproteinases, is not possible and therefore
this type of imaging probe can not be adapted to detect a wide range of other targets.

Figure 1.13: Autoradiography of a FXIIla-
targeted radiolabeled probe (left) and a
histological viability stain (right) of a
myocardial transversal slice. Pale areas in the
viability stain reflect regions of infarct. Figure
is reprinted with permission from (189).
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Differences in pH between diseased and healthy tissue has been used to mediate the
retention of imaging probes in acidic diseased tissues. For example, an electro statically
quenched cell penetrating micelle was selectively activated at the lower extracellular pH of
the tumor microenvironment (pH 6.6), resulting in retention and dequenching of the
fluorescent dye in cells (Fig. 1.14). An alternative approach aimed for the local release and
accumulation of iron-oxide particles from pH-responsive polymeric micelles at acidic
conditions (191). This activatable T, MRI contrast agent was used for the detection of
ischemic areas in the brain of rats. Furthermore, pH-dependent cell membrane insertion
peptides containing either a fluorescent or a radioactive imaging label were developed and
showed efficient membrane tagging and specific retention in acidic tumor tissues (192,193).
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Figure 1.14: Mechanism of a pH-dependent cell penetrating micelle. The cell penetrating property
of polycationic peptide functionalized micelles is masked by polyanionic polymers. At pH 6.6
dissociation will take place, leading to cellular uptake of the micelle. Subsequent leakage of the
fluorophores will result in restoration of fluorescence.
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Intracellular enzymatic targets have been successfully targeted with radiolabeled probes
showing increased retention upon enzymatic activation. A well-known example is the
clinically applied PET imaging probe ®F-fluorodeoxyglucose (FDG) that is used for imaging of
glucose metabolism (194). Cancerous tissue typically has a high metabolic activity
characterized by an increased uptake of glucose/FDG. Subsequently, the elevated
intracellular activity of the enzyme hexokinase enables efficient phosphorylation of FDG
resulting in cellular entrapment and subsequent accumulation of the radiolabeled probe
(Scheme 1.5). Another intracellular target that can phosphorylate radiolabeled probes,
leading to cellular probe accumulation, is herpes simplex virus-1 thymidine kinase. This
enzyme is extensively used in reporter gene imaging approaches using PET or SPECT
(195,196). Furthermore, radiolabeled cell-penetrating caspase substrates were developed for
SPECT imaging and showed enhanced retention in apoptotic cells (197).

OH OPO;
Scheme 1.5:
HO Hexokinase » HO Phosphorylation of FDG.
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18,: 18,:
OH OH
FDG FDG-6-P
Cellular Entrapment

In this section, a wide variety of activatable imaging probes has been discussed that show
retention and accumulation of the imaging label upon activation. All of these probes are
designed to be specifically activated by a unique target (e.g. one specific enzyme, pH) and
lack the possibility to be adapted to a wide variety of targets. In other approaches, the
probes were developed enabling targeting to a wide variety of enzymes, but retention at the
site or activation requires the presence of a specific target. For example, protease-induced
probe activation was designed to result in specific internalisation of a fluorescently labelled
probe by active macrophages (198). Furthermore, a fluorescent probe showed enhanced
binding to collagen fibers upon proteolytic activation (199). In the next section,
bioresponsive molecular imaging probes will be discussed that need no special requirements,
such as a receptor protein, for site-specific retention after its activation. Additionaly, these
probes can be applied for the detection of a wide variety of targets.

1.4.2 Bioresponsive imaging probes showing retention and enabling tuning for target
specificity

A first class of probes shows hydrophobic clustering upon proteolytic removal of a hydrophilic
counterpart thereby decreasing the in vivo clearance rate from the target tissue (200-202)
(Fig. 1.15). These probes showed good promise in vivo for the detection of matrix
metalloproteinase-2 and -7 employing MRI T;-contrast agents as imaging labels (200-202).
Recently, this concept was further developed for PET purposes. Hereto, an !®F-labeled
hydrophobic tetramethylrhodamine moiety was conjugated to a hydrophilic PEG linker by an
MMP-2 cleavable substrate (203).
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Figure 1.15: (A) Chemical structure of an MMP-2 activatable solubility switchable MRI T;-contrast
agent (201). A Gd®*-DOTA functionalized hydrophobic alkyl chain is conjugated to a hydrophilic
PEG chain via an MMP-2 cleavable peptide substrate (RSPAY-YTAA). (B) Schematic representation;
upon proteolytic removal of the hydrophilic PEG chain, the alkyl chain will provide a decrease in
solubility resulting in tissue retention of the Gd-labeled domain at the target site and subsequent
enhanced T;-relaxivity.

A second elegant imaging concept was proposed by Tsien and coworkers. They reported on a
fluorescently-labeled activatable cell penetrating peptide (ACPP) imaging probe (204-208)
(Fig. 1.16A). This 3-4 kDa construct consisted of an MMP-2/9 substrate inserted in between
a polyanionic peptide and a polycationic cell penetrating peptide (CPP) conjugated to a Cy-5
fluorophore. The cell penetrating property of the polycationic peptide was neutralized due to
intramolecular electrostatic interactions with the polyanionic domain, preventing cellular
uptake of the probe. Cleavage of the substrate by tumoral MMP-2/9 released the polycationic
from the polyanionic domain, thereby triggering cellular adhesion and subsequent uptake of
the imaging label-functionalized polycationic peptide in tumors (Fig. 1.16B,C). A 3-fold
higher tumor uptake was observed for MMP-2/9 ACPP compared to a scrambled negative
control (204).

Cell penetrating peptide uptake mechanism
For the ACPP imaging probes, poly-arginine was used as polycationic cell-penetrating peptide

(CPP) domain. This peptide domain, once released, shows efficient cellular uptake via
macropinocytosis (209,210). The first step of cellular entry is the association of the
guanidine residues of the CPP with sulfated glycans present on the cell membrane. Then,
macropinocytotic uptake will lead to entrapment of the CPP in intracellular vesicles, typically
followed by endosomal escape into the cytoplasm. Though, the precise mechanism of this
escape remains unclear (211).
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Figure 1.16: (A) Mechanism of a fluorescently-labeled protease activatable cell penetrating
peptide (ACPP). The cell penetrating property of a polycationic peptide is masked by a polyanionic
peptide. Proteolytic degradation of the linker releases the polycationic cell penetrating peptide,
which will transfer the fluorophore cargo across the cell membrane. (B) In vivo NIRF image of
MMP-2 positive HT-1080 tumor-bearing showed a 3-fold higher tumor uptake of a fluorescently
labeled MMP-2/9 ACPP compared to (C) a fluorescently labeled scrambled control. HT-1080 tumors
were implanted into the mammary fat pad. Figure is adapted with permission from (204).

The ACPP imaging concept was further developed for the in vitro detection of several
disease-related enzymes such as urokinase, enterokinase, prostate-specific antigen, and
plasmin (204,212,213) as well as acidic conditions by employing a reduction-sensitive
disulfide bridge between the polycationic and polyanionic domain (204). A novel tumor-
homing ACPP, predominantly sensitive for elastases, was identified by a parallel in vitro and
an in vivo selection with phage display employing a library of ACPPs (214). Introduction of a
near-infrared quencher at the polyanionic domain led to development of MMP-2 and MMP-7
FRET-based ACPP imaging probes that showed both activation of fluorescence as well as in
vitro cellular retention upon cleavage (139,215). Recently, it was shown that in vitro cellular
uptake of ACPP-functionalized quantum dots could be modulated by MMP-2 (216). MMP-
induced in vitro cellular uptake of quantum dots was demonstrated by dePEGylation of CPP
functionalized quantum dots (217). Furthermore, the concept of activatable cell penetrating
peptides (ACPPs) was translated to MRI applications for MMP sensing by either direct labeling
of the cell penetrating peptide domain with gadolinium (218) or via functionalization of
dendritic nanoparticles with ACPP and Gd3* (207). In the latter approach, the nanoparticles
were used for the in vivo detection of MMP expression in tumors. Next, radiolabeled
proteolytic activatable cell penetrating imaging probes have been designed for MMP-14 and
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prostate specific antigen (PSA) for applications in nuclear imaging (219,220). In vivo
evaluation of these radiolabeled probes, however, has not been reported so far. Finally, the
first activatable probe for optoacoustic tomography was developed based on an MMP-2
activatable cell penetrating peptide (139). The ACPP imaging probes that have been applied
in vivo were solely studied in tumor-bearing mice. Recently, the first progress was made in
the application of ACPP imaging probes in cardiovascular disease (221). In this work, a
fluorescently-labeled ACPP was developed for detection of thrombin in carotid atherosclerotic
plaques (221).

In another approach, cell-internalisation was achieved upon activation of a lipidated probe
(222). In the latter research, a lipidated FRET reporter was targeted to the plasma
membrane. Activation of the probe by MMP-12 resulted in efficient internalization and
retention of the donor fluorophore. Finally, protease-induced probe activation was designed
to result in tagging of the probe to the cell membrane (223).

1.5 Clinical translations

In this Chapter, the design and application of bioresponsive imaging probes was reviewed.
Optical and MRI imaging probes showed signal amplification by either direct activation of the
imaging label or by specific retention of the imaging probe. Because radiolabels are always
" bioresponsive radiolabeled probes for SPECT/PET relied on local retention upon
interaction with a stimulus. Both SPECT and PET provide a very attractive method for
molecular imaging. Both nuclear techniques are characterized by a picomolar sensitivity and
are highly quantitative (224). Therefore, only a small dose of radiolabeled imaging probes is

”

on”,

required compared to MRI contrast agents, for which typically a millimolar range of
concentration is needed. Furthermore, SPECT and PET have superb tissue penetration
capabilities and therefore offer the possibility to visualize deeply-located tissues, while this is
not possible for optical imaging due to the limited penetration depth of light.

An intracellular target such as hexokinase has been efficiently detected with radiolabeled
FDG and this probe has found wide application in clinical oncology for diagnostic cancer
imaging. On the other hand, the in vivo imaging of extracellular biomarkers using
radiolabeled bioresponsive probes is limited. So far, extracellular biomarkers are mainly
visualized with bioresponsive optical imaging probes. These probes may find application in
optical-guided surgery and endoscopy, but are not suited for whole-body diagnostic imaging.
For example, activatable cell penetrating peptides (ACPP) have been used in pre-clinical
optical guided surgery (208). On the other hand, two radiolabeled ACPP analogs, sensitive
for MMP-14 and PSA, have been developed and may find application in diagnostic imaging
(219,220). However, in vivo application of these probes has not been reported so far.

26



Bioresponsive Molecular Imaging Probes

1.6 Aim and outline of the thesis

The primary aim of the work described in this thesis was to develop radiolabeled activatable
cell penetrating imaging probes (ACPPs) for the in vivo detection of molecular biomarkers
associated with cardiovascular disease and/or cancer, with a predominant future application
in whole-body diagnostic imaging (Fig. 1.17). In the first part of this thesis, the development
and detailed characterization of MMP-2/9 activatable cell penetrating imaging probes is
presented. Chapter 2 describes the synthesis and radiolabeling of these peptide constructs.
Subsequently, the enzyme specificity as well as the cellular uptake efficiency before and
after activation was addressed. Finally, the biodistribution of the radiolabeled MMP-2/9
activatable probe was assessed in MMP-positive tumor-bearing mice. In Chapter 3, the same
probes were explored to detect MMP-2/9 in a mouse model of myocardial infarction (MI).
Chapter 4 presents the expansion of the ACPP family towards long-circulating ACPP-probes,
which facilitate an increased exposure time to the target proteases. Chapters 5 and 6 deals
with the development of radiolabeled ACPPs for the endopeptidase MMP-14 and carboxy
exopeptidase angiotensin converting enzyme (ACE), respectively. In Chapter 7, a strategy is
proposed towards self-immolative ACPPs for H,O, detection. In Chapter 8, a general
discussion is presented.
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Figure 1.17: Proposed mechanism of radiolabeled bioresponsive ACPPs. The cell penetrating
property of a polycationic peptide will be masked by a polyanionic peptide. Interaction of the ACPP
with a chemical or biological stimulus will result in degradation of the linker, followed by the
release of the polycationic cell penetrating peptide and subsequent transfer of the radionuclide
across the cell membrane. The trapped radioactivity can be visualized by SPECT or PET imaging.
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Chapter 2

Characterization of radiolabeled MMP-2/9
activatable cell penetrating peptides in vitro
and in vivo in tumor-bearing mice

Abstract

This Chapter describes the development, in vitro and in vivo characterization of a matrix
metalloproteinase-2 and -9 (MMP-2/9) sensitive activatable cell penetrating peptide (ACPP)
for nuclear imaging purposes. The peptide probe showed high sensitivity for MMP-2 and
MMP-9, while low to no sensitivity towards other members of the MMP-family. Biodistribution
studies displayed a 5-fold higher retention of ACPP in MMP-2/9 positive tumor than in muscle
(p<0.01) and a 6-fold higher tumor retention relative to a negative control non-ACPP
(p<0.01). Surprisingly however, the uptake of ACPP was significantly higher in almost all
tissues compared to non-ACPP (p<0.01). To unravel the activation process of ACPP in vivo,
we developed dual-isotope ACPP analogs (dACPPs) that allows us to discriminate between
uncleaved dACPP and activated dACPP. In vivo biodistribution of dACPP indicated that the
tissue-associated counts originated from activated dACPP. Interestingly, dACPP
administration to healthy mice resulted in a similar dACPP biodistribution compared to MMP-
2/9 positive tumor-bearing mice. Furthermore, a radiolabeled cell penetrating peptide (CPP)
showed equal tumor-to-tissue ratios as found for ACPP (p>0.05). In conclusion, this study
demonstrates that tumor targeting of radiolabeled matrix metalloproteinase-2/9 activatable
cell penetrating peptides is most likely caused by activation in the vascular compartment
rather than tumor specific activation.

Based on:

van Duijnhoven SMJ, Robillard MS, Nicolay K, and Grill H. Tumor targeting of MMP-2/9 activatable
cell-penetrating imaging probes is caused by tumor-independent activation. J Nucl Med.
2011;52:279-286

van Duijnhoven SM1J], Robillard MS, Nicolay K, and Grull H. In vivo biodistribution of MMP-2/9
activatable cell-penetrating imaging probes in tumor-bearing mice with high and low tumoral MMP
expression. In preparation



Chapter 2

Introduction

The matrix metalloproteinases (MMPs), in particular MMP-2 and MMP-9, have been identified
as key modulators in the extracellular matrix remodeling, which is a hallmark of pathological
conditions such as cancer (1-4). The recognition of MMPs as disease biomarkers has
stimulated the development of imaging strategies targeting these proteases, aiming for
improved diagnosis or application in image-guided surgery. Commonly used approaches for
MMP imaging are based on targeting with antibodies or small molecule ligands (5-9). For
example, radiolabeled MMP binding ligands have been developed for the detection of up-
regulated MMP levels by means of Single Photon Emission Computed Tomography (SPECT)
or Positron Emission Tomography (PET) (10-12). Other strategies for MMP imaging, which do
take full advantage of the nature of the target, are directed at the activity of the enzyme and
will provide a selective read out of the activated MMP subpopulation and, importantly, will
lead to signal amplification since one MMP can continuously activate its substrate (13). The
group of Roger Tsien employed a strategy that centered on an activatable cell penetrating
peptide (ACPP) that consisted of an MMP-2/9 substrate inserted in between a polyanionic
peptide and a polycationic cell penetrating peptide (CPP) conjugated to an imaging label. The
cell penetrating property of the polycationic peptide was quenched by electrostatic
interactions with the polyanionic domain, preventing cellular uptake of the probe (14).
Cleavage of the substrate by MMP-2/9 released the polycationic from the polyanionic
domain, thereby triggering cellular adhesion and subsequent uptake of the imaging label-
functionalized polycationic peptide. A 3- to 4-fold increase in tumor homing was observed for
ACPP compared to MMP-2/9 uncleavable control peptides, accompanied by a 4-fold higher
ACPP retention in tumor compared to muscle (14-16). Although ACPPs were successfully
used for optical and magnetic resonance imaging of MMP-2/9 (14-18), the use of this
concept in nuclear imaging or -therapy has remained largely unexplored. Recently Watkins
et al. investigated an MMP-14 activatable analog for SPECT (19). Although in vitro activation
was observed in cell cultures expressing MMP-14, a control cell line lacking MMP-14
expression also activated the probe, and therefore MMP-14 selectivity could not be
demonstrated. In this work, we explored the use of radiolabeled ACPPs (Fig. 2.1) for later
application in SPECT or potentially PET imaging of MMP-2/9 expression in tumors. The
employed MMP-2/9-selective sequence was earlier used by Tsien and co-workers (14). The
polycationic and polyanionic domains consisted of D-amino acids to avoid proteolytic
degradation of these domains (20). The cell penetrating peptide domain of ACPP was
functionalized with a DOTA chelate and radiolabeled with ”’Lu. The ACPP was studied in vitro
in MMP-2/9 positive HT-1080 fibrosarcoma cell cultures and in vivo in HT-1080 tumor-
bearing mice together with a !”’Lu-radiolabeled non-activatable cell penetrating peptide
(non-ACPP) serving as negative control and a positive control consisting of CPP (without the
polyanionic domain) (Fig. 2.1). For further insights in the mode of action of ACPP we also
developed dual isotope-labeled analogs for the MMP activatable and non-activatable probes
(dACPP and non-dACPP) (Figs. 2.1 and 2.2). The dual isotope approach allows us to
discriminate between activated ACPP and uncleaved ACPP as well as a-specific tissue uptake
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Tumor Targeting of Radiolabeled MMP-2/9 ACPPs

of the negative control in healthy mice, and in mice bearing either tumors characterized by a
high MMP-2/9 expression (HT-1080 fibrosarcoma) or a low MMP-2/9 expression (BT-20
breast carcinoma). Furthermore, a fluorescence resonance energy transfer (FRET) ACPP
analog was synthesized for in vitro screening applications (Fig. 2.2).
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Figure 2.1: Mechanism and structure of radiolabeled MMP-2/9 activatable ACPPs. (A) The cell
penetrating property of a polycationic peptide is masked by a polyanionic peptide. Cleavage of the
linker by MMP-2/9 releases the polycationic cell penetrating peptide, which will transfer its
radionuclide cargo across the cell membrane. The trapped radioactivity can be imaged by SPECT or
PET. (B) Peptide structure of (i) the MMP-2/9-sensitive »”’Lu-ACPP, (ii) the negative control *”’Lu-
non-ACPP containing a scrambled linker, (iii) the positive control *”’Lu-CPP, (iv) the MMP-2/9-
sensitive dual-isotope radiolabeled ”7Lu/***I-dACPP, and (v) the negative control *”’Lu/***I-non-
dACPP. The MMP-2/9 cleavage site is indicated by the arrow.
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Figure 2.2: Molecular structures of (A) Ac-y-e¢-x-PLGLAG-ro-x-k(DOTA)-NH, (dACPP) and (B)
QSY21-e9-x-PLGLAG-rg-x-k(Cy-5)-NH> (FRET-ACPP).

Z I,

Results

Probe synthesis

The peptides ACPP, dACPP, non-ACPP, non-dACPP, CPP, FRET-ACPP, and FRET-non-ACPP
were successfully prepared by Fmoc solid-phase peptide synthesis and purified by reversed
phase - HPLC. Liquid chromatography - mass spectrometry (LC-MS) analysis demonstrated
>95% pure peptides with molecular masses consistent to their theoretic masses (Fig. 2.3).
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Figure 2.3: LC-MS characterization of (A) Ac-e9-x-PLGLAG-ro-x-k(DOTA)-NH, (ACPP, obsd. 3874.1
Da, calcd. 3874.1 Da), (B) Ac-e9-x-LALGPG-ro-x-k(DOTA)-NH> (non-ACPP, obsd. 3874.1 Da, calcd.
3874.1 Da), (C) Ac-y-e9-x-PLGLAG-ro-x-k(DOTA)-NH> (dACPP, obsd. 4037.1 Da, calcd. 4037.1 Da),
(D) Ac-y-eo-x-LALGPG-ro-x-k(DOTA)-NH> (non-dACPP, obsd. 4037.1 Da, calcd. 4037.1 Da), (E) Ac-
LAG-ro-x-k(DOTA)-NH> (CPP, obsd. 2332.5 Da, calcd. 2332.4 Da), (F) QSY21-e9-x-PLGLAG-r9-x-
k(Cy-5)-NH, (FRET-ACPP, obsd. 4747.3 Da, calcd. 4747.3 Da), and (G) QSY21-e9-x-LALGPG-ro9-x-
k(Cy-5)-NH> (FRET-non-ACPP, obsd. 4747.3 Da, calcd. 4747.3 Da). The left and right graphs show
the UV absorbance chromatogram and the mass spectrum of the UV-peak bracketed by the
arrowheads, respectively.
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Enzyme assay

The sensitivity of the ACPP structure towards nine different enzymes (MMP-1, MMP-2, MMP-
3, MMP-7, MMP-9, MMP-14, urokinase, plasmin, and thrombin) was studied in vitro. LC-MS
analysis after 1h of incubation showed that ACPP is efficiently cleaved between the glycine
and leucine residue by MMP-2, MMP-9, and to a minor extent by MMP-14, while no ACPP
cleavage was observed for the other enzymes (Figs. 2.4 and 2.5). To further prove the
specificity of ACPP, an ACPP analog was synthesized containing a scrambled linker. Under
similar conditions, MMP-2, -9, and -14 were not able to cleave this negative control peptide
non-ACPP (Fig. 2.4B).
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Figure 2.4: [C-MS characterization of dACPP and non-ACPP (0.1 mM) incubated with MMP-2 (30
nM) for 1h. (A) LC chromatogram (UV) of dACPP (left) and MS spectra of the UV-peaks bracketed
by the arrowheads; CPP (obsd. 2290.4 Da, calcd. 2290.4 Da for H.N-LAG-ro-x-k(DOTA)-NH>) and
Neutralizing domain (obsd. 1764.7 Da, calcd. 1764.7 Da for Ac-y-e¢-x-PLG-COOH). (B) LC
chromatogram (UV) of non-ACPP (left) and MS spectra of the UV-peak bracketed by the
arrowheads (obsd. 3874.1 Da, calcd. 3874.1 Da for non-ACPP). Similar results were obtained for
non-ACPP incubated with MMP-9 and MMP-14 (data not shown).

Fluorescence Resonance Energy Transfer (FRET)-ACPP and MMP-2, MMP-9 kinetics

The enzyme kinetics of the ACPP with MMP-2 and MMP-9 was determined using the FRET-
ACPP analog. In this probe, a Cy-5 fluorophore and a QSY21 quencher were conjugated to
the polycationic and polyanionic domain, respectively (Fig. 2.2B). Cy-5 shows maximal
emission at 670 nm when excited at 650 nm. The quenching group QSY21 is not fluorescent
and has a wide absorption spectrum from 540 to 730 nm with a peak at 660 nm. For the
intact FRET-ACPP, efficient energy transfer between Cy-5 and QSY21 occurred resulting in
near-to-complete fluorescence quenching.
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Figure 2.5: ACPP sensitivity towards nine different enzymes in vitro. (A) LC chromatograms of
dACPP (0.1 mM) 1h after incubation with 5 nM of either MMP-1, MMP-2, MMP-3, MMP-7, MMP-9,
MMP-14, Urokinase, Plasmin, or Thrombin (representative of three measurements). (B) Percentage
cleaved ACPP after 1h incubation. The experiments were performed in triplicate and the data are
presented as mean £ SD.
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Incubation of FRET-ACPP with MMP-2 showed a strong increase in Cy-5 fluorescence, while
this was not observed for FRET-non-ACPP (Fig. 2.6). Furthermore, MMP-2 mediated probe
activation was blocked in the presence of GM6001, a broad-spectrum MMP inhibitor (Fig.
2.6). We observed rapid cleavage of FRET-ACPP by MMP-2 and MMP-9, characterized by
catalytic efficiencies (Keat/Km) of (4.0 £ 0.5) - 10° M's? and (5.2 + 0.7) - 10* M'is?,
respectively.

900+

Prd
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S~
£ £ 6007
[GRETo]
O ©
£ —e— FRET-ACPP
@ " 300- —— FRET-ACPP + inhibitor
§ ~ —&— FRET-non-ACPP
[

0_
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Figure 2.6: Fluorescence intensity change at A = 665 nm for FRET-ACPP (with/without 50 uM MMP
inhibitor GM6001) and FRET-non-ACPP (1.25 uM) upon incubation with MMP-2 (1.0 nM).

In vitro cell assay

We radiolabeled the polycationic domain of ACPP, non-ACPP, and CPP with ’Lu with a
>98% radiochemical yield (Fig. 2.7) and set out to assess the uptake of ”’Lu-ACPP by MMP
positive HT-1080 cells. Although these cells secrete MMP-2 and MMP-9 as was evidenced by
gelatin zymography (Fig. 2.8), it has been demonstrated that those enzymes become too
diluted in two-dimensional cell culture supernatants, resulting in minimal ACPP probe
activation and insignificant uptake (15). Therefore, ”’Lu-ACPP was pre-cleaved with MMP-2,
resulting in 85% activation (Fig. 2.7E), incubated for 3h at 1.25 yM with HT-1080 cells and
compared to *’Lu-non-ACPP, uncleaved ”’Lu-ACPP, and '’’Lu-CPP. The cellular uptake of
the activated ACPP was comparable to uptake of the positive control taking the 85%
activation of ACPP into account, while uncleaved ACPP displayed negligible cellular uptake
(Fig. 2.9C). The localization of the activated probe upon penetration of HT-1080 cells was
determined by confocal laser scanning microscopy (CLSM) using a fluorescein labeled analog
and showed entrapment of the probe in cytoplasmic vesicles (Fig. 2.10).
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Figure 2.7: (A) ’Lu labeling of DOTA-conjugated peptides. (B-D) Instant silica thin layer
chromatography (iTLC) (left) and y-HPLC spectra (right) of the radiolabeled peptides (B) *”’Lu-
ACPP (>98% radiochemical purity (rp)), (C) *”’Lu-non-ACPP (>98% rp), and (D) 1”7Lu-CPP (>98%
rp). Y7Lu labeling of peptide analogs lacking the DOTA moiety resulted in <5% rp (data not
shown). (E) y-HPLC spectrum of 1”’Lu-ACPP activated by MMP-2 for 3h yielding 85% activation. For
y-HPLC spectra, the upper panel shows the UV absorbance chromatogram at 212 nm and the lower
panel shows the y-radiation monitored by a y-detector.
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Figure 2.8: Gelatin zymography. Analysis of serum-free
medium of phorbol 12-myristate 13-acetate stimulated HT-

1080 cells (lane 2). Active MMP-2 was loaded as reference — MMP-=9
(lane 1). — (Pro-)MMP-2
— MMP-2
A L. h B T i c Il pell
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Figure 2.9: Cell assay showing y-counting results for (A) last wash fraction, (B) trypsin
supernatant, and (C) cell pellet for *”’Lu-non-ACPP, uncleaved *”’Lu-ACPP, pre-activated *”’Lu-
ACPP (for 85%), and ”’Lu-CPP after 3h incubation. The experiments were performed in triplicate
and the data are presented as mean + SD. For pre-activated ACPP and CPP a substantial amount
of radioactivity was detected in the last wash step. Most likely, this observation can be explained
by detachment of CPP which was bound to the ECM of the cells and not yet internalized.

Figure 2.10: CLSM image of HT-1080 cells incubated with
fluorescein-labeled CPP for 4h (green). Nuclei were stained
with Hoechst 33342 (blue), and phospholipid bilayer
membranes with DiD (red). White bar = 25 um.
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Probe sensitivity towards trypsin

In the described in vitro cell assay, trypsin digestion was used to harvest cells prior to y-
counting. To assess the sensitivity of ACPP, non-ACPP, and CPP towards trypsin, the peptides
(0.1 mM) were incubated with trypsin for 5 min. A substantial amount of ACPP (~30%) was
cleaved by trypsin, while under similar conditions no cleavage/degradation occurred for non-
ACPP and CPP (Fig. 2.11). ACPP was cleaved between the amino acids leucine and alanine
present in the MMP-2 cleavable linker PLGLAG.
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Figure 2.11: [ C-MS characterization of (A) ACPP (obsd. 2177.4 Da for cleaved fragment, calcd.
2177.4 Da for HoN-AG-ro-x-k(DOTA)-NH>, and obsd. 3874.1 Da, ACPP calcd. 3874.1 Da), non-ACPP
(obsd. 3874.1 Da, calcd. 3874.1 Da), and (C) CPP (obsd. 2290.4 Da, calcd. 2290.4 Da) 5 min after
incubation with trypsin (0.125 w/v%).

To exclude trypsin-mediated ACPP activation in our in vitro cell assay, the cells incubated
with the probes were carefully washed 5-times with Dulbecco’s PBS before the cells were
harvested by trypsin. These wash steps ensured that the soluble probes were removed
before trypsin digestion (last wash fraction contained <0.05% radioactivity compared to
incubation medium for non-ACPP and intact ACPP). The data showed that the cellular uptake
of the negative control and trypsin sensitive intact probe was similar, indicating that there is
no significant role of trypsin on ACPP activation in this experiment (Fig. 2.9).
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In vivo biodistribution of ACPP and non-ACPP and its dual-isotope labeled analogs

Our investigations continued with in vivo biodistribution studies of the radiolabeled ACPP and
the negative control peptide non-ACPP (60 nmol, i.v.-injection) in MMP-2/9 positive HT-1080
tumor-bearing mice (Fig. 2.12; Tables 2.1 and 2.2). Table 2.3 shows the statistical analysis
of the biodistribution data. The tumor uptake of ”’Lu-ACPP was significantly higher
compared to its accumulation in muscle as well as the tumor uptake of *”’Lu-non-ACPP after
3h, 6h, and 24h, supporting earlier studies proposing ACPP activation by tumoral MMP-2/9
(14-16). Surprisingly however, not only the tumor, but also other tissues showed
significantly higher retention of *”’Lu-ACPP compared to '”’Lu-non-ACPP. In muscle and heart
the relative difference between *”’Lu-ACPP and !”’Lu-non-ACPP retention was even higher
than that observed for tumor (Table 2.2), although no MMP-2/9 activity was detected by
gelatin zymography in these tissues (Fig. 2.13).
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Figure 2.12: Comparison of the biodistribution of 60 nmol ””Lu-non-ACPP, *””Lu-ACPP, and *”’Lu-
CPP in HT-1080 tumor-bearing mice (n=6) 24h post-injection. The data are presented as mean +
SD.

Table 2.1: Biodistribution results of 60 nmol ”’Lu-ACPP and ”’Lu-non-ACPP at 3h, 6h, and 24h
post injection in HT-1080 tumor-bearing mice. The data are mean %ID/g + SD.

HT-1080 77Lu-ACPP 7’Lu-non-ACPP
3h, n=4 6h, n=3 24h, n=6 3h, n=3 6h, n=3 24h, n=6

Blood 0.46 + 0.22 0.04 = 0.02 0.01 + 0.00 0.02 £ 0.00 0.00 + 0.00 0.00 = 0.00
HT-1080 tumor 1.82 £ 0.59 1.90 £ 0.71 2.23 £ 1.09 0.50 £+ 0.07 0.31 £ 0.14 0.37 £ 0.27
Muscle 0.55 + 0.29 0.48 £ 0.18 0.46 + 0.20 0.03 £ 0.01 0.03 £ 0.01 0.04 + 0.01
Heart 0.64 = 0.29 0.33 + 0.03 0.25 = 0.08 0.04 £ 0.01 0.04 £ 0.01 0.03 £ 0.01
Lung 1.92 £ 0.67 0.82 £ 0.13 0.70 + 0.20 0.28 £ 0.11 0.15 = 0.05 0.15 + 0.03
Spleen 2.85+ 0.35 2.79 £ 0.39 4.00 + 1.62 0.37 £ 0.09 0.36 = 0.06 0.43 £ 0.06
Liver 12.6 £ 2.30 17.0 £ 2.62 20.3 £+ 4.65 2.19 £ 0.43 2.16 £ 0.36 2.89 £ 0.33
Kidney 67.8 £ 10.5 52.2 £ 1.23 52.4 £ 10.9 78.6 £ 22.5 84.7 £ 17.9 74.4 £ 11.5
Fat 0.31 £ 0.13 0.27 £ 0.15 0.23 + 0.02 0.03 £ 0.01 0.03 £ 0.03 0.04 £+ 0.02
Thigh bone 2.67 £ 0.98 2.66 = 0.20 2.66 = 0.68 0.69 = 0.05 0.50 + 0.07 0.67 £ 0.21
Brain 0.04 = 0.01 0.01 + 0.00 0.01 + 0.00 0.00 £+ 0.00 0.00 £ 0.00 0.00 £+ 0.00
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Table 2.2: Organ ratio ¥”’Lu-ACPP/*”’Lu-non-ACPP at 3h, 6h, and 24h post-injection in HT-1080
tumor-bearing mice.

ACPP/ non-ACPP 3h 6h 24h
Blood 26.6 8.1 1.9
HT-1080 tumor 3.7 6.1 6.0
Muscle 16.7 14.0 12.0
Heart 16.2 9.1 7.6
Lung 6.9 5.5 4.6
Spleen 7.8 7.8 9.3
Liver 5.8 7.9 7.0
Kidney 0.9 0.6 0.7

Table 2.3: Statistical analysis of biodistribution data (24h) comparing means of *”’Lu-ACPP and
77| u-non-ACPP.

24h Welch’s Mann Whitney
t-test U-test

ACPP vs non-ACPP

HT-1080 tumor 0.0158 0.0022

Muscle 0.0036 0.0022

Heart 0.0016 0.0022

ACPP

HT-1080 tumor vs muscle 0.0114 0.0022

HT-1080 tumor vs heart 0.0068 0.0022

non-ACPP

HT-1080 tumor vs muscle 0.0036 0.0022

HT-1080 tumor vs heart 0.0034 0.0022

— MMP-9

Figure 2.13: Gelatin zymography. (A) Analysis of tissue homogenates (representative of three
mice). Lane 1 = active MMP-2, lanes 2-8 = HT-1080 tumor, muscle, heart, lung, spleen, liver,
bladder, respectively. Lanes 9 and 10 = active MMP-2 (0.13 ng). (B) Analysis of mouse serum.
Lane 1 = active MMP-2, lanes 2 and 3 = serum from tumor-free and HT-1080 tumor-bearing mice,
respectively.
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Furthermore, '”’Lu-non-ACPP displayed a significantly higher HT-1080 tumor retention
compared to muscle and heart. A high liver, spleen, and kidney retention was observed for
177Lu-ACPP, while *’Lu-non-ACPP accumulated mainly in the kidneys, indicating that the
probes are excreted via different pathways. As CPPs have been reported to mainly distribute
to the liver (15,21), the altered biodistribution may have been caused by enzymatic
conversion of *”’Lu-ACPP into '”’Lu-CPP. The biodistribution data obtained with ACPP do
however not allow discrimination between retention of uncleaved ACPP and the MMP
cleavage product CPP. In principle, the differences found in the tissue accumulation of ACPP
and non-ACPP could originate from a-specific accumulation instead of tumoral MMP-related
activation. In order to address this open question and to unravel the activation process of
ACPP (i.e. does ACPP activation takes place and, if so, where), we developed dual-isotope
radiolabeled analogs (dACPPs) (Fig. 2.1B), in which the polycationic cell penetrating peptide
and the polyanionic peptide were labeled with the orthogonal radio isotopes ’Lu (E, = 208
keV) and '*I (E, = 35 keV), respectively (Fig. 2.14). A large ratio of *’’Lu over '**I would
indicate cleavage of the probe and subsequent retention of the *’’Lu-radiolabeled CPP. The in
vivo biodistribution of the dual isotope probe 77Lu/***I-dACPP 24h post i.v.-injection showed
a ~10- to 50-fold higher retention of '’Lu in tumor, muscle, heart, lung, and spleen
compared to **°I (Fig. 2.15A, Table 2.5), while for Y”7Lu/!***I-non-dACPP the tissue retention
of Y7Lu was only slightly higher, i.e. ~2- to 3-fold, than for *°I (Fig. 2.15B). Furthermore,
the biodistribution of 77Lu/***I-dACPP showed a high accumulation of ’Lu in the liver, while
1251 retention was minimal. No significant higher *”’Lu-to-'*’I ratio was observed in tumor
compared to muscle, heart, lung, and spleen at both 3h and 24h post-injection (Tables 2.4
and 2.5).
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Figure 2.14: (A) %I labeling of tyrosine containing peptides. (B-E) iTLC (left) and y-HPLC spectra
(right) of the radio labeled peptides (B) ”7Lu-dACPP (>98% rp), (C) *?*I-dACPP (>96% rp), (D)
1771 u-non-dACPP (>98% rp), and (E) '?°I-non-dACPP (>96% rp). 1?°I labeling of peptides lacking
the tyrosine residue (i.e. ACPP and non-ACPP) resulted in <5% rp (data not shown).

53



Chapter 2

Table 2.4: Biodistribution results of 60 nmol *”’Lu/***I-dACPP and '”’Lu/***I-non-dACPP in HT-

1080 tumor-bearing mice 3h post-injection (n=3). The data are presented as mean % SD.

HT-1080 77Lu/*?°1-dACPP 77Lu/***1-non-dACPP
3h 771y 1251 Ratio Y7y 1251 Ratio
(%ID/g) (%ID/g) 177) /1257 (%ID/g) (%ID/g) 177 /1257
Blood 0.64 £ 0.23 0.52 £ 0.10 1.3+0.8 0.01 £ 0.00 0.34 £ 0.42 ND
HT-1080 tumor | 3.36 £ 0.18 0.65 + 0.28 6.0 £ 2.8 0.32 £ 0.11 0.44 £ 0.36 0.9+ 0.3
Muscle 0.59 £ 0.09 0.16 + 0.08 42 £1.8 0.04 £+ 0.00 0.12 £ 0.11 0.5+ 0.3
Heart 0.69 £ 0.11 0.21 + 0.04 3.3+1.2 0.03 £ 0.00 0.19 £ 0.23 0.4 +£0.3
Lung 1.90 £ 0.26 0.41 £ 0.08 48 +1.5 0.36 £ 0.09 0.38 £ 0.39 1.5+ 0.8
Spleen 3.18 £ 0.36 0.38 £ 0.05 8.4 £0.8 0.28 +£ 0.05 0.29 £ 0.14 1.1 £0.5
Liver 12.5+ 0.31 0.51 £ 0.01 24.3 £ 0.8 1.85 + 0.12 0.81 £ 0.02 2.3+0.2
Kidney 59.9 £ 16.7 24.4 £6.17 2.5+0.2 95.1 £9.18 70.3 £ 22.6 1.4+0.4
Fat 0.29 £ 0.04 0.09 = 0.02 3.5+1.4 0.03 £ 0.00 0.10 £ 0.10 0.4 +£0.3
Thigh bone 3.12 £ 0.19 0.94 £ 0.19 3.4 £ 0.5 0.61 £ 0.14 0.55 £ 0.11 1.1 £0.1
Brain 0.04 £ 0.01 0.03 + 0.00 1.2 +£0.5 ND ND ND

Table 2.5: Biodistribution results of 60 nmol *”’Lu/***I-dACPP and *”’Lu/***I-non-dACPP in HT-

1080 tumor-bearing mice 24h post-injection (n=6). The data are presented as mean £ SD.

HT-1080 77 u/1?°1-dACPP 77 u/*?*1-non-dACPP
24h 77y L2 Ratio 7Ly 1251 Ratio
(%ID/g) (%ID/g) 1771 41251 (%ID/g) (%ID/g) 77y 1251
Blood 0.01 £ 0.02 0.01 + 0.00 ND 0.01 £ 0.00  0.01 + 0.01 ND
HT-1080 tumor | 1.65 + 0.66 0.13 £ 0.03 13.4+6.2 | 0.52 £ 0.25 0.18 + 0.06 2.9+1.9
Muscle 0.47 £ 0.18 0.02+0.01 22.1+3.8 | 0.05+0.02 0.03 £ 0.01 1.4 +0.3
Heart 0.23 £ 0.07 0.02+0.00 10.6+4.4 | 0.04+0.00 0.03 £ 0.00 1.3+0.1
Lung 0.61 = 0.25 0.05+ 0.01 11.4+3.3 | 0.21+0.04 0.06 £ 0.01 3.6 £ 0.1
Spleen 3.23+1.63 0.07+0.02 46.2+ 18.2 | 0.54+0.09 0.14 + 0.01 3.8+0.7
Liver 18.4 £ 3.67 0.25+0.05 77.5+25.8 | 3.50 £ 0.60  0.68 = 0.11 5.2+ 0.8
Kidney 47.5+7.70 17.0 £ 2.97 2.8+0.4 84.0 + 14.3 50.5 + 8.84 1.7 £ 0.0
Fat 0.26 + 0.15 0.02 + 0.01 ND 0.08 £ 0.09  0.06 + 0.07 ND
Bladder 0.46 £ 0.24 0.29 + 0.25 ND 0.11 + 0.03 0.16 = 0.02 ND
Thigh bone 2.57 £ 0.38 0.55 % 0.11 48+1.3 0.87 £0.19  0.58 + 0.09 1.5+ 0.2
Brain 0.01 + 0.00 0.00 * 0.00 ND 0.00 £ 0.00  0.00 + 0.00 ND
Stomach, full* | 0.12 £ 0.03 0.06 + 0.02 ND 0.03 £ 0.02  0.04 + 0.02 ND
Intestine, full* | 0.63 £ 0.24 0.11 + 0.01 ND 0.13+0.06 0.11 + 0.06 ND
Thyroid* 0.12 £ 0.03 1.51 + 0.45 ND 0.00 £ 0.00  0.78 £ 0.35 ND

* expressed in %ID

An in vivo biodistribution study of 7Lu/*?*I-dACPP in tumor-free healthy mice and BT-20
tumor-bearing mice was also carried out, which showed the same 10- to 50-fold higher
retention levels of "’Lu relative to *?°I in various tissues as was observed in HT-1080 tumor-
bearing mice (Fig. 2.15, Tables 2.6 and 2.7). No significant difference was found for
177Lu/*?51 ratios between BT-20 tumors and HT-1080 tumors at both 3h and 24h post
injection (p>0.05). Furthermore, ”/Lu-dACPP uptake was in a comparable range for both
tumor types at 3h and 24h. Gelatin zymography analysis of tissue homogenates, however,
showed significant lower gelatinase expression of BT-20 tumors compared to HT-1080
tumors (Fig. 2.16, p<0.05), suggesting that the dACPP activation is not caused by tumor-
associated MMP-2/9.
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Figure 2.15: (A) Comparison of the in vivo biodistribution of (A) *”7Lu/***I-dACPP (60 nmol, n=6),
and (B) ”7Lu/***I-non-dACPP (60 nmol, n=6) in HT-1080 tumor-bearing mice, and '7’Lu/**I-
dACPP (60 nmol, n=4) (C) in BT-20 tumor bearing-mice and (D) in tumor-free healthy mice 24h
post-injection. The data are presented as mean + SD.
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Table 2.6: Biodistribution results of 60 nmol *”’Lu/*?*I-dACPP in BT-20 tumor-bearing mice at 3h

(n=3) and 24h (n=4) post-injection. The data are presented as mean + SD.

BT-20 177 4 /12°1-dACPP, 3h 177y /1?°1-dACPP, 24h
3h & 24h 771y 228 Ratio 771y 1251 Ratio
(%ID/g) (%ID/g) Py (%ID/g) (%ID/g) 77y 1251

Blood 0.48 £ 0.22  0.16 + 0.08 32+1.4 0.00 £ 0.00  0.01 + 0.00 ND
BT-20 tumor 5.26 + 2.59 0.25+ 0.20 25.5% 14.1 | 1.57+0.72  0.06 £ 0.02 27.2 £ 5.6
Muscle 0.41 £ 0.14 0.04 £ 0.02 12.5+3.4 | 0.24+£0.06 0.01 + 0.01 18.3 + 8.0
Heart 0.56 £ 0.11  0.07 £ 0.03 8.6 £ 3.5 0.23 £ 0.06  0.02 + 0.00 13.2 £ 4.5
Lung 1.93 £ 0.38  0.28 £ 0.07 6.9 0.9 0.57 £ 0.18  0.10 + 0.09 8.8%5.5
Spleen 3.68 £ 0.48 0.18+0.08 22.1+6.2 | 3.69+1.08 0.05+0.01 69.8+22.1
Liver 9.71+£1.39 0.32+0.07 30.6+4.2 | 17.4+3.77 0.19+0.10 116 + 59.4
Kidney 62.4 +7.82 30.9 £ 4.19 2.0+0.2 51.8 £ 8.14  19.8 + 5.40 2.7+0.5
Fat 0.26 £ 0.10  0.05 + 0.02 5.7 £0.3 0.18 £ 0.07  0.02 + 0.01 12.4 + 2.1
Thigh bone 2.75 £ 0.54 0.56 + 0.16 51+1.1 2.03+0.46 0.26 + 0.20 11.8 + 7.3
Brain 0.03 £ 0.01  0.02 + 0.01 ND 0.01 £ 0.00  0.00  0.00 ND

Table 2.7: Biodistribution results of 60 nmol *”’Lu/*?**I-dACPP in tumor-free mice (n=4) at 24h

post-injection. The data are presented as mean + SD.

Tumor-free Y77Lu/***I-dACPP
24h 7Ly (%ID/g) T (%ID/g) rato.
Lu/**1
Blood 0.02 £ 0.01 0.01 £ 0.00 ND
Muscle 0.18 £ 0.06 0.01 £ 0.00 129+ 2.9
Heart 0.32 £ 0.04 0.03 £ 0.00 11.8 £ 1.5
Lung 0.86 £ 0.18 0.05 £+ 0.01 16.6 + 0.8
Spleen 4.81 + 0.77 0.08 £ 0.01 58.3 £ 12.2
Liver 24.6 £ 1.51 0.19 £ 0.04 130.7 + 15.2
Kidney 52.1 + 8.61 18.5 + 2.46 2.8 +£0.2
Fat 0.31 £ 0.11 0.02 £ 0.01 ND
Thigh bone 2.75 £ 0.17 0.61 + 0.13 4.6 £ 0.8
Brain 0.01 £ 0.00 0.00 £ 0.00 ND
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Figure 2.16: Gelatinase expression levels of HT-1080 tumors (n=3) and BT-20 tumors (n=5). The
data are presented as mean * SD.
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In vivo biodistribution of radiolabeled CPP

The in vivo biodistribution of ”’Lu-CPP (Fig. 2.10; Table 2.8), the activated cell penetrating
peptide domain of ACPP serving as positive control, revealed significantly higher tumor
retention levels compared to muscle and heart in both HT-1080 and BT-20 tumors (p<0.05).
Comparison of the tumor-to-tissue ratios for !”’Lu-ACPP and '”’Lu-CPP showed no significant
differences for both tumor types at both 3h and 24h post-injection (p >0.05, Fig. 2.17 and
Table 2.9), indicating that ACPP was most likely activated in the vascular compartment.
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Figure 2.17: Tumor-to-tissue ratios for 60 nmol *”’Lu-ACPP and 60 nmol *”’Lu-CPP in (A) HT-1080
and (B) BT-20 tumor-bearing mice at 24h post injection. The data are presented as mean + SD.

Table 2.8: Biodistribution results of 60 nmol *””Lu-ACPP at 3h, and 24h post-injection in HT-1080
and BT-20 tumor-bearing mice. The data are mean %ID/g + SD.

HT-1080 77 u-CPP BT-20 77 u-CPP
3h, n=4 24h, n=6 3h, n=3 24h, n=3

Blood 0.75+ 0.13 | 0.03 £ 0.01 Blood 0.91 + 0.12 0.00 + 0.00
HT-1080 tumor | 3.98 £ 0.61 | 3.37 + 1.26 BT-20 tumor 6.57 + 1.54 1.78 £+ 0.43
Muscle 0.84 + 0.08 | 0.53 + 0.10 Muscle 0.76 + 0.05 0.21 + 0.07
Heart 1.71 £ 0.18 | 0.74 £ 0.18 Heart 1.83 + 0.35 0.55 + 0.06
Lung 5.41+0.56 | 1.63 + 0.08 Lung 5.10 £ 1.26 1.15 + 0.15
Spleen 6.53 £ 0.21 | 8.07 + 1.03 Spleen 6.50 + 0.55 5.93 + 0.67
Liver 24.9+2.08 | 41.6 +4.21 Liver 24.3 + 0.63 31.3 + 1.62
Kidney 41.6 £ 6.71 | 39.0 + 6.39 Kidney 41.2 + 5.28 26.5 + 6.56
Fat 0.61 + 0.15 | 0.51 + 0.20 Fat 0.88 + 0.51 0.91 + 1.05
Thigh bone 4.37 £0.42 | 3.81 +0.33 Thigh bone 4.52 + 0.63 2.22 £ 0.18
Brain 0.06 + 0.00 | 0.03 * 0.00 Brain 0.19 + 0.23 0.02 + 0.00
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Table 2.9: Tumor-to-muscle ratios for 1”7Lu-ACPP and *”’Lu-CPP 3h, and 24h post-injection in HT-
1080 and BT-20 tumor-bearing mice. The data are presented as mean x SD.

Rati 77 u-ACPP 77Lu-ACPP 77 y-CPP 77 u-CPP
atio

3h 24h 3h 24h
HT-1080 tumor/muscle 4.1+£2.0 5.2+25 4.8 £0.8 6.4 +2.1
BT-20 tumor/muscle 13.7 £ 7.3 6.9 £2.8 8.7 1.5 9.5+ 4.6

Blood kinetic profiles

1771 u/*?51-dACPP showed a faster blood clearance of ”/Lu compared to !*°1 in HT-1080
tumor-bearing mice, pointing to dACPP activation and subsequent tissue trapping of ’’Lu-
CPP, while comparable blood clearance rates were observed for Y”’Lu and '*°I for HT-1080
tumor-bearing mice injected with *”7Lu/**I-non-ACPP (Fig. 2.18). We observed a 30- and
10-fold higher blood concentration for *”’Lu-CPP and '”’Lu-ACPP respectively, compared to
177LLu-non-ACPP 3h post-injection, indicating the presence of activated CPP in blood for ”7Lu-
ACPP at this time-point (Fig. 2.18). After 6h, both ACPP and non-ACPP were essentially
cleared from circulation (Table 2.1). Blood half-lives for ’’Lu were calculated to be ~19 min
for the negative control probes, ~25 min for the ACPP probes, and 84 min for CPP. The
partial activation of the ACPP probes in the vasculature has most likely resulted in the
presence of the CPP and intact ACPP in the blood. Therefore, both intact ACPP (i.e. non-
ACPP) and activated ACPP (i.e. CPP) will have contributed to the half-life of the ACPP probe,
explaining why the observed half-life for the ACPP probes is in between the half-lives of the
non-ACPP probes and CPP.

Determination of volume-of-distribution

The volume-of-distribution (V) calculated from the blood clearance measurements for 77Lu
is in the range of 0.27 < Vp < 0.36 L/kg bodyweight (Vp values in L/kg are for ACPP: 0.36 +
0.19; non-ACPP: 0.32 = 0.05; dACPP: 0.27 * 0.17; and non-dACPP: 0.29 % 0.08). This
points toward a rapid distribution of these probes throughout the extracellular fluids in the
whole-body without cell membrane crossing but with some binding to compounds and cell
surfaces in the extracellular, extravascular space (22). The volume of distribution for ”’Lu-
CPP was found to be 4-fold higher (Vp = 1.28 + 0.21 L/kg), suggesting that a significant
amount of the highly positively charged polypeptide directly binds to cells in the
extravascular, extracellular space and endothelial cells in the vascular space. In this respect,
CPP will probably have a high tendency to bind to circulating cells as well, which would
explain the relatively high blood levels of CPP observed at later time points (Fig. 2.18D).
Furthermore, CPPs consisting of oligoarginine sequences display affinity for serum proteins,
which may increase the circulation time (23). Alternatively, a slow desorption of the
polycationic peptide and subsequent transport back into the circulation is a reasonable
explanation for the observed prolonged blood clearance profile (15).
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Figure 2.18: Blood kinetic profiles of 60 nmol (A) *”’Lu-ACPP (open circle) and *”’Lu-non-ACPP
(filled circle), (B) *77Lu/***I-dACPP, (C) ”7Lu/*?*I-non-dACPP, and (D) ”7Lu-CPP in HT-1080 tumor-

bearing mice (n=3). The data are presented as mean * SD.

Discussion
The use of activatable cell penetrating imaging probes has been advocated as a promising

general strategy for the in vivo imaging of proteolytic activity, in particular in tumors (14,
24). Several recent reports have asserted that tumors can be visualized via optical and
magnetic resonance imaging of MMP-2/9 activity using ACPPs (14-18). An analogous
radiolabeled ACPP probe for Positron Emission Tomography or Single Photon Emission
Computed Tomography would allow clinical translation to sensitive whole-body diagnostic
imaging, while avoiding potential toxicity risks associated with Gd-uptake and retention in
cells and organs. Therefore, we set our sights on the development of radiolabeled ACPPs
consisting of an MMP-2/9 sensitive peptide linker. In accordance with the results for a Cy-5
conjugated MMP-2/9 cleavable ACPP (14,15), we showed that the radiolabeled ACPPs can
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efficiently be activated by MMP-2/9 in vitro (Figs. 2.5 and 2.9), followed by cellular uptake in
endosomes (Fig. 2.10). For the application of ACPPs in molecular imaging, the observed
entrapment of the activated probe in the cytoplasmic vesicles is acceptable. However, the
potential application of ACPPs as vehicles for intracellular drug delivery is hampered if the
activated domain is not efficiently transported to the nucleus or released into the cytoplasm.
The in vivo biodistribution of a '’Lu radiolabeled ACPP and a negative control non-ACPP
containing a scrambled linker was assessed in mice bearing HT-1080 tumors with high MMP-
2/9 expresion (Fig. 2.12; Tables 2.1-2.3). We found for the ACPP a high uptake in the tumor
compared to muscle or heart, however an even higher uptake in spleen, liver, and kidney.
For the tumor, ACPP exhibited a 6-fold higher retention than for non-ACPP, which is slightly
more than reported by Tsien and co-workers for their optical probes (14-16). At a first
glance this seems to support ACPP sensitivity towards tumoral MMP-2/9, but surprisingly,
retention ratios of ACPP over non-ACPP were in many tissues higher compared to HT-1080
tumors. For example, the ACPP retention in muscle is 12-fold higher compared to non-ACPP
despite the fact that MMP-2/9 activity in muscle was not detected by gelatin zymography
(Fig. 2.13). Dual-isotope-labeled ACPPs, in which the polycationic CPP was labeled with 7Lu
and the polyanionic domain was labeled with %I, revealed similar Y”’Lu-to-!?°I tissue ratios
in tumor, muscle, heart, lung, and spleen after 3h and 24h post-injection, which indicated
that ACPP got activated and subsequently retained in all tissues as ”’Lu-CPP (Fig. 2.15; and
Tables 2.4 and 2.5). Similar '”’Lu-to-'?°I ratios were observed in muscle, heart, lung, and
spleen when dACPP was administrated to healthy mice or mice bearing BT-20 tumors,
characterized by low MMP-2/9 expression (Tables 2.6 and 2.7). The negative control on the
other hand showed very modest *"’Lu-to-'?°I tissue ratios of 2 to 3 at 24h post-injection,
which may have been caused by activation by a-specific proteolytic degradation of the linker
around one of the flexible glycine residues. The iodinated probes were not subject to
significant dehalogenation as evidenced by the low amount of **°I measured in thyroids and
the stomach (Table 2.5). At 3h post injection, absolute ”’Lu-to-'?°I ratios were lower in all
tissues compared to 24h post injection, which is most likely caused by contribution of
background signal from the blood in these tissues due to the uncomplete clearance of the
1771 u/*?51 labeled probe from the circulation at this time point.

The biodistribution and blood clearance experiments for the various probes compellingly
show that the employed ACPP is taken up and retained in all tissues in its activated form,
even in the absence of an MMP expressing tumor (Fig. 2.15C). These findings do not support
tumor-associated MMP-2/9 cleavage of ACPP as the main mechanism for ACPP activation and
subsequent tumor accumulation. Instead, the higher retention of the activated ACPP in both
MMP-positive HT-1080 and MMP-reduced BT-20 tumors compared to muscle is most likely
due to tissue a-specific ACPP activation, resulting in increased accumulation of the activated
probe in the tumors promoted by the enhanced permeability and retention (EPR) effect in
combination with high vascularisation (26). Further evidence for this assertion comes from
the similar biodistribution profiles observed for Y”7Lu-ACPP and the positive control *”’Lu-CPP
(Fig. 2.17). Passive uptake due to tumor-leakiness will likely occur for any probe with a high
free volume-of-distribution, including our negative control peptide non-ACPP, explaining the
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significantly higher tumor uptake of non-ACPP compared to muscle and the smaller relative
difference in uptake between ACPP and non-ACPP in tumor compared to muscle.
Interestingly, it was recently demonstrated that tumor retention of nanoparticles by the EPR
effect can be further increased by MMP-2/9-sensitive ACPP functionalization of the
nanoparticles (17). The latter study also showed that significantly higher muscle uptake was
obtained for MMP-2-sensitive ACPP-labeled nanoparticles compared to non-ACPP-labeled
nanoparticles, which is consistent with an activation of the nanoparticles in the vascular
system and subsequent tissue a-specific uptake. The tumor-to-muscle ratio for this MMP
activatable nanoparticle was ~6, slightly higher than observed for the low molecular weight
MMP activatable peptides (16,17), indicating that the EPR effect may play out favourably for
larger-sized activatable probes.

Attempts have been undertaken to analyze the stability of ACPP in mouse serum, but for
various reasons these experiments proved not to be valuable. For example, the high
tendency of the (radiolabeled) ACPP probes, in particular of CPP, to bind to serum proteins
complicated HPLC analysis enormously (23,26) (data not shown). On the other hand, Size
Exclusion Chromatography (SEC) was not helpful, because of the almost similar elution
times of radiolabeled CPP and ACPP (data not shown). As last alternative, we incubated the
FRET-ACPP analog with mouse serum and measured changes in Cy-5 fluorescence in real
time. An increase in Cy-5 fluorescence was observed for FRET-ACPP (Fig. 2.19). In the
presence of GM6001, a broad spectrum MMP inhibitor, the activation of FRET-ACPP in serum
was diminished marginally, suggesting a minor role of MMP-mediated activation. However,
also FRET-non-ACPP showed a strong change in Cy-5 fluorescence in mouse serum overtime
(Fig. 2.19), while in vivo activation of the radiolabeled non-ACPP analog was basically not
observed. Therefore, these in vitro studies could not be used as a reliable model for the in
vivo experiments.
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Figure 2.19: Cy-5 release (nM/s) for serum samples containing no probe, FRET-non-ACPP, FRET-
ACPP + GM6001 MMP-inhibitor, and FRET-ACPP respectively. The data are presented as mean %
SD.
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Conclusion

In summary, we have reported the first in vivo studies exploring the use of radiolabeled
activatable cell penetrating peptides for the detection of MMP activity in tumors. Activation of
the radiolabeled ACPP indeed resulted in a strong enhancement of tumor retention in vivo,
showing that the concept of activatable cell penetrating peptides can be translated to nuclear
applications. However, dual isotope-labeled ACPPs and control experiments in healthy and
tumor-bearing mice revealed that the activation of ACPP was tumor independent. Most likely,
probe activation occurred already in the vasculature followed by non-specific tumor uptake.
Therefore, several challenges need to be addressed to achieve clinical translation of ACPPs.
Firstly, the protease-sensitive linker should be carefully chosen to prevent a-specific
cleavage. Secondly, highly specific accumulation in the tissue of interest may be achieved by
ACPPs that are exclusively sensitive to cell membrane bound enzymes, e.g. MMP-14, that do
not shed into the vasculature, thereby avoiding ACPP activation in blood. In Chapter 5 the
development and characterization of such MMP-14 specific ACPPs is described.
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Materials and methods

Materials

All reagents and solvents were obtained from commercial sources (Sigma-Aldrich, and Biosolve)
and used without further purification. 9-fluorenylmethyloxycarbonyl (Fmoc)-protected amino acids
and Rink amide resin were purchased from either Novabiochem (Merck) or Bachem. DOTA
succinimidyl ester, QSY21 succinimidyl ester, and Cy-5 succinimidyl ester were obtained from
Macrocyclics, Invitrogen, and GE Healthcare, respectively. Human recombinant enzymes were
purchased from Calbiochem (Merck), Sigma, or R&D Systems. The enzymes were activated
according to vendor’s protocols if needed. The labeling buffers were treated with Chelex-100 resin
(BioRad Laboratories) overnight and filtered through 0.22 pm. Iodogen iodination tubes were
purchased from Pierce Protein Research (Thermo Fischer Scientific). Tablets to prepare phosphate
buffered saline (PBS) pH 7.4 were acquired from Calbiochem (Merck).
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Animal studies

All animal procedures were approved by the ethical review committee of the Maastricht University
Hospital (The Netherlands), and were performed according to the principles of laboratory animal
care (NIH publication 85-23, revised 1985), and the Dutch national law “Wet op Dierproeven” (Stb
1985, 336). Six-week old athymic female mice (CD-1 nu/nu, body weight 22-30g, Charles River
Labs) were housed in an enriched environment under standard conditions: 23-25 °C, 50-60%
humidity, and 12h-lightdark-cycles for >1 week. Food and water were freely available.

Probe synthesis

Peptides Ac-eg-x-PLGLAG-ro-x-k(Mtt)-resin, Ac-eg-x-LALGPG-ro-x-k(Mtt)-resin, Ac-y-eq-x-PLGLAG-
ro-x-k(Mtt)-resin, Ac-y-eg-x-LALGPG-ro-x-k(Mtt)-resin, Ac-LAG-r9-x-k(Mtt)-resin, QSY21-eg-x-
PLGLAG-ro-x-k-resin, and QSY21-eg-x-LALGPG-ro-x-k-resin were synthesized on an automatic
synthesizer (Prelude, Protein Technologies Inc.) by Fmoc solid-phase peptide synthesis (SPPS)
using Rink amide resin (0.1 mmol), HBTU as the activating reagent, and N,N-
Diisopropylethylamine (DIPEA) as base. D-amino acids are denoted in lower case and x represents
6-aminohexanoic acid. The Mtt protecting group was selectively removed by incubating the
peptides on resin with 1.8% v/v trifluoroacetic acid (TFA) in dichloromethane with 2.0% v/v tri-
isopropylsilane (TIS) as scavenger for 10 x 3 min after which DOTA succinimidyl ester or
fluorescein succinimidyl ester (1.5 equiv) in NMP was added to the peptide resins and was reacted
overnight in the presence of DIPEA. The peptides were cleaved from the resin by a mixture of
96.0% v/v trifluoroacetic acid (TFA), 2.0% v/v tri-isopropyl silane (TIS), and 2.0% v/v MilliQ
(Millipore) water for 4h, filtered, and precipitated in ice cold diethylether. The peptide pellets were
dissolved in MilliQ water and purified by preparative reversed-phase high pressure liquid
chromatography (RP-HPLC) using an Agilent 1200 apparatus, equipped with a C18 Zorbax column
(length = 150 mm, diameter = 21.2 mm, particle size = 5.0 ym). The elution gradient was set
from 5 to 30% of buffer B (0.1% TFA in acetonitrile) over 100 min, where buffer A was 0.1% TFA
in MilliQ (Millipore) water. The UV wavelength was preset at 210 and 254 nm. All peptides
structures were analyzed by LC-MS on an Agilent 1200 apparatus, equipped with a C18 Eclipse
plus-column (length = 100 mm, diameter = 2.1 mm, particle size = 3.5 pm) and an electrospray
mass spectrometer (Agilent Technologies 6210, Time-of-Flight LC/MS). Cy-5-succinimidyl ester
(2.0 equiv) was conjugated to QSY21-e9-x-PLGLAG-rg-x-k-NH;, and QSY21-eg-x-LALGPG-rg-x-k-
NH; in NMP overnight in the presence of triethylamine (TEA), purified by RP-HPLC and analyzed by
LC-MS.

Found masses: 3874.1 Da for Ac-es-x-PLGLAG-rg-x-k(DOTA)-NH, (ACPP, Calcd. 3874.1 Da, 11.0
umol), 3874.1 Da for Ac-eg-x-LALGPG-ro-x-k(DOTA)-NH, (non-ACPP, Calcd. 3874.1, 11.9 pmol),
4037.2 Da for Ac-y-eg-x-PLGLAG-rg-x-k(DOTA)-NH; (dACPP, Calcd. 4037.1 Da, 10.4 pmol), 4037.2
Da for Ac-y-eg-x-LALGPG-rg-x-k(DOTA)-NH;, (non-dACPP, Calcd. 4037.1 Da, 7.2 pmol), 2332.5 Da
for Ac-LAG-ro-x-k(DOTA)-NH, (CPP, Calcd. 2332.4 Da, 37.8 pmol), 2304.4 Da for Ac-LAG-rg-x-
k(fluorescein)-NH; (fluorescein-CPP, Calcd. 2304.3 Da, 34.4 pmol), 4747.3 Da for QSY21-eq-x-
PLGLAG-ro-x-k(Cy-5)-NH; (FRET-ACPP, MW 4747.3 Da, 3.8 pmol), and 4747.3 Da for QSY21-eq-x-
LALGPG-ro-x-k(Cy-5)-NH, (FRET-non-ACPP, MW 4747.3 Da, 5.8 pmol).
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Enzyme ACCP cleavage assay

dACPP or non-ACPP (0.1 mM) were incubated in triplicate with 5.0 nM of either human recombinant
MMP-1, MMP-2, MMP-3, MMP-7, MMP-9, MMP-14, thrombin, plasmin, or urokinase in a mixture of
50 mM Tris, 200 mM NaCl, 10 mM CaCl; and 10 yM ZnCl, at pH 7.5 at 700 rpm and 37 °C. After
1h, the enzymes were quenched by the addition of TFA (10% v/v). To determine the percentage
cleaved peptide, the formation of the activated cell penetrating peptide domain was monitored by
LC-MS and compared to a 100% cleaved reference sample (0.1 mM dACPP incubated with 30 nM
MMP-2 for 1h).

Trypsin digestion

ACPP, non-ACPP, and CPP (0.1 mM) were incubated in a mixture of 50% v/v Dulbecco’s PBS and
50% v/v trypsin-EDTA (0.25% w/v) at 37 °C. After 5 min, TFA (10% v/v) was added to quench
tryptic activity and samples were analyzed by LC-MS.

In vitro FRET-ACPP activation and enzyme kinetics

In buffer: FRET-ACPP, and FRET-non-ACPP (1.25 pM) were incubated with 1.0 nM MMP-2 in the
presence or absence of 50 yM GM6001 (from a 50 mM stock in DMSO) in a mixture of 50 mM Tris,
200 mM NacCl, 10 mM CaCl; and 10 uM ZnCl; at pH 7.5 at 37 °C. Changes in Cy5-fluorescence
intensity were measured at 665 nm (excitation 649 nm) using a LS55 fluorescence spectrometer
(PerkinElmer) for 30 min.

In serum: FRET-ACPP, at 7.64 uM in a buffer of 50 mM Tris, 200 mM NaCl, 10 mM CaCl; and 10 uM
ZnCl, at pH 7.5, was incubated in triplicate in a 96-well black plate at 50:50% v/v with mouse
serum (Innovative Research) containing 1.0 uL GM6001 in DMSO (50 pM final concentration) or
blank DMSO. Changes in Cy5-fluorescence intensity were measured at 670 nm (excitation at 612
nm) using a FLUOstar OPTIMA plate reader (BMG LABTECH) at 37 °C. The plate was set to stir 5
seconds prior to measurement and every 20 seconds a measurement was performed for 30 min.
As controls, mouse serum was incubated with FRET-non-ACPP, or without peptide probe under
similar conditions as for FRET-ACPP. The reaction rate v (uM/s) was calculated using Cy-5-
succinimidyl ester (0.01, 0.02, 0.04, 0.08, 0.16, 0.32 uM) as calibration.

Enzyme kinetics: FRET-ACPP, at several concentrations (0.64, 0.91, 1.28, 1.81, 2.56, and 3.62
UM), was incubated in triplicate in a 96-well black plate with 5.0 nM MMP-2 or MMP-9 in a mixture
of 50 mM Tris, 200 mM NaCl, 10 mM CaCl, and 10 pM ZnCl; at pH 7.5 at 37 °C. Changes in Cy5-
fluorescence intensity were measured at 670 nm (excitation at 612 nm) using a plate reader. The
plate was set to stir 5 seconds prior to measurement and every 20 seconds a measurement was
performed for 30 min. The reaction rate v (uM/s) was determined for every FRET-ACPP
concentration, using Cy-5-succinimidyl ester (0.01, 0.02, 0.04, 0.08, 0.16, 0.32 uM) as calibration.
The enzyme kinetic data was fitted to the Michaelis-Menten equation: v = (Vmax * [S]) / (Km +
[S1), where Vmax (HM/s) is the maximum cleavage rate, [S] (UM) is the concentration FRET-ACPP,
and Kmn (M) is the FRET-ACPP concentration at which the reaction rate is half of Vmax. Keat (s), the
number of substrate molecules cleaved per enzyme molecule per second, was calculated using the
equation: Kecat = Vmax / [E], where [E] (MM) is the enzyme concentration. The constant Kcat/Km
(M1sh) was subsequently derived.
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Radiolabeling

For in vitro cell assay: *"’LuCl; (PerkinElmer) in 0.05 M HCI (20.0 pL, 10.0 MBq) was mixed with
ACPP, non-ACPP, or CPP in MilliQ water (33.4 pL, 25.8 nmol), and 0.2 M Tris-HCI at pH 7.4 (346
uL) for 20 min, at 300 rpm and 90 °C.

For in vivo studies:

1771 y-ACPP and 1”7Lu-non-ACPP. ”7LuCls in 0.05 M HCI (5.0 yL, 5.0 MBq) was mixed with ACPP or
non-ACPP in MilliQ water (38.8 pL, 300 nmol), and metal-free 0.9% NaCl (450 pL) for 20 min, at
300 rpm and 90 °C.

771 u/*2°1-dACPP and 177Lu/***I-non-dACPP. Y77LuCl3 in 0.05 M HCI (5.0 pL, 10.0 MBq) was mixed
with dACPP or non-dACPP in MilliQ water (38.8 pL, 300 nmol), and metal-free 0.9% NaCl (450 L)
for 20 min, at 300 rpm and 90 °C. *#°I (PerkinElmer) in 1 mM NaOH (5.0 L, 2.5 MBq) was mixed
with dACPP or non-dACPP in MilliQ water (38.8 pL, 300 nmol), and PBS (225 pL) in an Iodogen
iodination tube for 7 min, at 300 rpm and 25 °C, and transferred to a siliconized 1.5 mL tube
together with 250 uL 0.9% NacCl.

1771 u-CPP. Y"7LuCl3 in 0.05 M HCI (5.0 uL, 5.0 MBg) was mixed with CPP in MilliQ water (31.5 uL,
300 nmol), and metal-free 0.9% NaCl (450 uL) for 20 min, at 300 rpm and 90 °C.

The 7Lu and '?°I labeling yields were determined by radio-TLC, using iTLC-SG strips (Pall) eluted
with 200 mM EDTA in 0.9% NaCl and 20 mM citric acid at pH 5.2, respectively, imaged on a
phosphor imager (FLA-7000, Fujiflm) and quantified with AIDA Image Analyzer software.
Analytical radio-HPLC was carried out on an Agilent 1100 system equipped with a C18 Eclipse XBD-
column (length = 150 mm, diameter = 4.6 mm, particle size = 5.0 ym) and a Gabi radioactive
detector (Raytest). The radiochemical purities were 95% or higher, and typically at least 98%.
177 u-labeled dACPP was mixed with 2°I-labeled dACPP in a 1:1 molar ratio.

Cell culture

HT-1080 fibrosarcoma and BT-20 breast carcinoma cells acquired from the American Type Culture
Collection (ATCC) were maintained under standard culture conditions in Eagle’s Minimal Essential
Medium (MEM) supplemented with 10% heat inactivated fetal bovine serum (Gibco), penicillin (100
U/mL), streptomycin (100 pg/mL), and 2 mM Glutamax (Gibco).

In vitro cell incubation with radiolabeled ACPP probes

177 u-ACPP was activated prior to cell incubation with recombinant human MMP-2 (10 pmol) for 3h
in 50 mM Tris, 200 mM NaCl, 10 mM CaCl, and 10 uM ZnCl, at pH 7.5, as was assessed by RP-
HPLC. HT-1080 cells were cultured in poly-D-lysine coated 12-well plates. At 80% confluency, cells
were washed 2x with Dulbecco’s PBS (Gibco) and 1x with serum-free medium and subsequently
incubated in triplicate with 1.25 uM *’’Lu-non-ACPP, 1.25 pM uncleaved ”’Lu-ACPP, 1.25 pM pre-
cleaved Y"’Lu-ACPP, and 1.25 pM Y"7Lu-CPP (19.3 uL/1.25 nmol probe, 0.5 MBq '’’Lu) respectively
in serum-free medium (981 uL). After 3h of incubation, cells were washed 5x with Dulbecco’s PBS
and harvested by trypsination (0.25% w/v trypsin-EDTA (Gibco)). The trypsin activity was inhibited
by addition of MEM, after which the cells were isolated by centrifugation (1,000 rpm, 10 min, RT).
Cell pellets and all wash fractions were analyzed for *’’Lu radioactivity (115-270 keV) by a y-
counter (Wizard 1480, PerkinElmer).
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Confocal laser scanning microscopy

Sterile glass coverslips (Menzel-Glaser) were coated in 100 pg/mL poly-D-lysine solution for 15
min at room temperature, dried for 2h, and subsequently seeded with HT-1080 cells in poly-D-
lysine coated 24-well plates. Cells were cultured till 80% confluency in MEM, followed by incubation
with 1.25 uM fluorescein-CPP. After 4h, the cells were rinsed with fresh MEM, and phospholipid
bilayer membranes and cell nuclei were respectively stained with Vybrant DiD cell-labeling solution
(Invitrogen) at 5.0 yL/mL MEM and Hoechst 33342 (Invitrogen) at 0.2 pg/mL MEM for 10 min. The
staining medium was aspirated; the cells were incubated with MEM for another 10 min, and
subsequently washed 3x with phenol-red free MEM. The coverslips were mounted with diamond
power shield (Essence) on Menzel-Glaser slides.

Confocal fluorescence images were recorded at room temperature on a Leica TSC SP5 spectral
confocal laser scanning microscope using a 100X oil-immersion objective. Hoechst 33342 staining
of nuclei was visualized by excitation using a 405 nm Diode. The fluorescence emission of
fluorescein was recorded after excitation using a 488 nm Argon laser. DiD was excited using the
633 nm line of a HeNe laser.

HT-1080 fibrosarcoma / BT-20 breast carcinoma model

HT-1080 or BT-20 cells at 80-90% confluency were harvested by trypsination. The trypsin activity
was inhibited by addition of MEM, after which cells were isolated by centrifugation. The cells were
washed 1x with sterile Dulbecco’s PBS and concentrated to 3.0 x 107 HT-1080 cells/mL or 6.0 x
107 BT-20 cells/mL in sterile Dulbecco’s PBS. BT-20 cells were diluted once to 3.0 x 107 BT-20
cells/mL by addition of ice-cold matrigel. Approximately 3.0 x 10® HT-1080 or BT-20 cells were
injected per mouse, subcutaneously on the left flank. The tumor sizes were determined by a ruler
every two days and their volumes were calculated using the formula: 2 x | x b x h. When tumors
reached a size of 8-50 mm? (typically 1-2 weeks and 3-5 weeks after s.c. injection of HT-1080 and
BT-20 cells, respectively), the mice were used for in vivo studies.

Biodistribution experiments

Biodistribution experiments were performed on HT-1080 tumor-bearing mice (n=3-4), BT-20
tumor-bearing mice (n=3-4), or tumor-free healthy mice (n=4) by i.v.-injection of ”’Lu-ACPP (60
nmol/100 pL, ca. 1.0 MBq), *"’Lu-non-ACPP (60 nmol/100 WL, ca. 1.0 MBq), ”’Lu/**I-dACPP (60
nmol/100 L, ca. 1.0 MBq *”’Lu, ca. 0.25 MBq *?°1), Y77Lu/**I-non-dACPP (60 nmol/100 L, ca. 1.0
MBq '”’Lu, ca. 0.25 MBq '?°I), or ’Lu-CPP (60 nmol/100 pL, ca. 1.0 MBq). The mice were
anesthetized with isoflurane 3h, 6h, or 24h after i.v.-injection, subjected to cardiac puncture, and
sacrificed by cervical dislocation. Organs and tissues of interest were harvested and weighed, after
which the radioactivity of the samples was measured in a y-counter along with standards to
determine the injected dose per gram (%ID/g). The energy windows were set to 10-80 keV for *?°I
and 155-380 keV for *7Lu.

Blood kinetic measurements + biodistribution experiments

HT-1080 tumor-bearing mice (n=3) were i.v.-injected with ”’Lu-ACPP (60 nmol/100 pL, ca. 1.0
MBq), ’’Lu-non-ACPP (60 nmol/100 pL, ca. 1.0 MBq), Y’7Lu/*?*I-dACPP (60 nmol/100 L, ca. 1.0
MBq '”’Lu, ca. 0.25 MBq *°I), Y7Lu/***I-non-dACPP (60 nmol/100 pL, ca. 1.0 MBq *”’Lu, ca. 0.25
MBq ?°1), or Y”7Lu-CPP (60 nmol/100 L, ca. 1.0 MBq). At selected time points (2, 5, 10, 30 min,
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1h, and 3h) blood samples were withdrawn from the vena saphena, weighed and diluted to 1 mL
with MilliQ water. The mice were anesthetized with isoflurane 24h after i.v.-injection, subjected to
cardiac puncture, and sacrificed by cervical dislocation. Organs and tissues of interest were
harvested and weighed, after which the radioactivity was measured of all samples in a y-counter
along with standards to determine the %ID/g. The probe concentration at t=0 (Cy) was calculated
by fitting the blood clearance curves to a 2-phase exponential decay function Y = span; - exp(-Kj -
X) + span; - exp(-Kz + X) + Plateau for *"’Lu-ACPP , Y’Lu-non-ACPP, "’Lu-dACPP, '’’Lu-non-
dACPP was fitted, while ”7Lu-CPP was fitted to a 1-phase exponential decay function Y = span; -
exp(-K;y - X) + Plateau using GraphPad Prism. The area under the curve (AUC) was determined for
the fitted blood kinetic profiles for all probes. The half-lives, the time points at which the AUC
reaches 50% of the total AUC, was subsequently derived using MatLab. The volume of distribution
per mouse was calculated using the formula Vp = Dose / (Body weight * Co) [L/kg].

Sample preparation for gelatin zymography

Cell assays. Confluent HT-1080 cells were washed with Dulbecco’s PBS and incubated in serum-
free MEM containing 20 nM phorbol 12-myristate 13-acetate (PMA) for 48h. The medium was
centrifuged (1,000 rpm, 5 min) and supernatant was stored at -80 °C until zymography analysis.
Typically, 20 pL supernatant was used per analysis.

Tissue homogenates. After y-counting, tissue samples were homogenized in 20 volumes of 50 mM
Tris, 200 mM NaCl, 10 mM CaCl;, and 10 pM ZnCl; at pH 7.5 at 4 °C at 30 Hz for 5 min using a
tissue lyser (Qiagen), mixed for 4h at 4 °C and centrifuged at 10,000 rpm for 5 min. The
supernatants were aliquoted and stored at -80 °C until zymography analysis. Typically, 11.2 pL
tissue supernatant (from 0.53 mg tissue) was used per analysis.

Blood samples. Fresh mouse blood (50 uL from vena saphena) was centrifuged at 5000 rpm for 5
min. Serum was pipetted off and stored at -80 °C until zymography analysis. Typically, 2.0 pL
serum was used per analysis.

Gelatin zymography

Samples were analyzed on 10% SDS-PAGE gel containing 0.1% (w/v) gelatin (Biorad). Active
MMP-2 (0.21 ng) was loaded as an internal standard used to normalize activities between gels.
After running the gel at 150V, it was washed with MilliQ water, incubated for 3 x 20 min in 2.5%
Triton-X (60 rpm) to remove SDS, washed with MilliQ water, and incubated in 50 mM Tris, 200 mM
NaCl, 5 mM CaCl,, 0.1% (w/v) NaNs, and 0.02% (w/v) Brij-35 at pH 7.6 at 37 °C for 2 days. Gels
were stained for 2h with 0.25% Coomassie Blue in 60% (v/v) MilliQ water, 30% (v/v) Methanol,
10% (v/v) Acetic acid, and destained for >24h with 67.5% (v/v) MilliQ water, 25% (v/v) Methanol,
7.5% (v/v) Acetic acid. Gelatinatic activity showed up as clear bands against a dark background.
Zymograms were imaged (Epson Perfection V700 Photo scanner) and band intensities were
quantified using Imagel.

Statistical methods

Quantitative data were expressed as mean £ SD. Comparisons between the means of the groups
were performed by the parametric Welch’s t-test (27). Due to the relatively small sample sizes per
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group (n=3-6), the non-parametric Mann Whitney U test was also performed. All tests were two-
tailed, and P-values of less than 0.05 indicate significant differences. GraphPad Prism was used for
all statistical calculations.
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Chapter 3

Detection of cardiac remodeling using a dual-
isotope radiolabeled MMP-2/9 activatable cell
penetrating imaging probe

Abstract

The role of matrix metalloproteinases (MMPs) in pathological conditions such as adverse left
ventricular (LV) remodeling after myocardial infarction (MI) has stimulated the development
of imaging probes targeting these proteases. It was demonstrated that non-invasive imaging
of the temporal and spatial patterns of MMP-2/9 abundance in myocardial remodeling holds
great promise to predict cardiac function post MI. Here, we tested a radiolabeled cell-
penetrating imaging probe (dACPP) activatable by matrix metalloproteinase-2 and -9 (MMP-
2/9) for the detection of active MMPs, and determined the dACPP biodistribution in vivo in a
mouse model of myocardial infarction. dACPP showed a significant higher uptake in infarcted
than in remote myocardium, and in muscle in mice 10 days post MI. The biodistribution for a
dual-isotope dACPP, which allowed us to discriminate between uncleaved dACPP and
activated dACPP, showed increased retention of the activated probe in infarcted compared to
remote myocardium. This correlated to MMP-2 levels determined by gelatin zymography,
while no correlation was found for an MMP-2/9 insensitive negative control non-dACPP. In
addition, the infarct-to-remote ratios found for dACPP were significantly higher than those
for the positive control, CPP. In conclusion, these data show a significant contribution of
infarct associated dACPP activation to infarct targeting of dACPP, most likely due to MMPs.

Based on:

van Duijnhoven SMJ, Robillard MS, Hermann S, Kuhlmann M, Schéfers M, Nicolay K, and Grill H.
In vivo detection of cardiac remodeling using radiolabeld MMP-2/9 activatable cell-penetrating
imaging probes. In preparation
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Introduction

Myocardial infarction (MI) is commonly followed by maladaptive remodeling of the
myocardial extracellular matrix (ECM) resulting in congestive heart failure (1). The matrix
metalloproteinases (MMPs), a family of extracellular matrix degrading enzymes, are involved
in this remodeling process (2,3). In particular, two soluble species of MMPs, the gelatinases
MMP-2 and MMP-9, are increased in activity and abundance, and act as crucial modulators in
adverse cardiac remodeling (4-7). MMP-9 predominantly plays a role in the early wound
healing and inflammation response shortly after MI, while MMP-2 is mainly involved in the
cardiac ECM remodeling phases (2). In a recent study, it was illustrated that a non-invasive
methodology to image the temporal and spatial levels of MMP-2/9 in myocardial remodeling
holds great promise to predict cardiac function post MI in a pig model (8). The MMP level
was visualized by Single Photon Emission Computed Tomography (SPECT) using a
radiolabeled MMP-inhibitor and this showed correlation to the cardiac function measured by
Magnetic Resonance Imaging (MRI). We hypothesized that imaging of the MMP catalytic
activity instead of MMP abundance will further improve the monitoring of the myocardial
remodeling process. Chen et al. have demonstrated that a quenched near-infrared
fluorescent (NIRF) probe can successfully be used to monitor MMP-2/9 activity in MI-mice
(9). However, in the human heart NIRF imaging would only be feasible by invasively
monitoring the activation of the fluorescent probe by real-time intravascular catheter
detection (10). Here, we tested a dual-isotope radiolabeled activatable cell penetrating
molecular imaging probe (dACPP, Chapter 2) that is sensitive to the proteolytic activity of
MMP-2 and -9 (11) for later application in non-invasive SPECT or Positron Emission
Tomography (PET) of myocardial remodelling (Fig. 3.1). In these probes, the polycationic
cell-penetrating peptide domain and the polyanionic peptide domain were labeled with the
orthogonal radioisotopes *”’Lu (energy of the y-ray emitted by isotope is E, = 208 keV) and
1251 (E, = 35 keV), respectively. A large ratio of ’’Lu over **I would indicate cleavage of the
probe and subsequent retention of the ”’Lu-radiolabeled CPP, thereby facilitating a direct
read-out of the relative level of MMP activity. We provide data demonstrating a correlation
between elevated MMP-2 levels and increased uptake of the activated ACPP in the infarcted
areas of the heart in MI-mice, suggesting that the ACPP can be used to detect active MMPs
in left ventricular remodelling after MI.
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Figure 3.1: Peptide structure of (A) MMP-2/9 sensitive ”’Lu/*?**I-dACPP, (B) the negative control
1771 u/*?°I-non-dACPP, and (C) the positive control ”’Lu-CPP. The MMP-2/9 cleavage site is
indicated by the arrow.

Results

In vivo distribution of dACPP and non-dACPP in MI- and sham-mice at 20h post-injection.
Following successful synthesis and radiolabeling (Chapter 2), *7Lu/**I-dACPP and *"’Lu/*?°I-
non-dACPP were studied in mice 10 days after induction of a myocardial infarction (MI) or 10
days after sham-surgery. Table 3.1 shows the biodistribution data for *”’Lu/***I-dACPP in MI-
and sham-mice. Absolute *"’Lu-dACPP uptake was significantly higher in infarct than in
remote myocardium, and in muscle in MI-mice and in hearts of sham-mice (Fig. 3.2,
p<0.001). In addition, autoradiography of ”’Lu-dACPP biodistribution in MI-hearts revealed
a comparable 6-fold higher probe retention in infarct compared to remote (Fig. 3.3).
Furthermore, ”/Lu-dACPP showed a significantly higher uptake in infarct compared to the
negative control *’’Lu-non-dACPP (Tables 3.1 and 3.2, p<0.001).

While for sham-mice MMP-2 in the heart was nearly undetectable by gelatin zymography
analysis, MMP-2 levels were highly increased in infarcted myocardium and slightly elevated
in remote myocardium in MI-mice (Fig. 3.4A). Quantification of gelatin zymograms revealed
a significant higher MMP-2 level in infarcted heart tissue compared to remote heart tissue
and sham-hearts (Fig. 3.4B, p<0.001). Figures 3.3C and 3.3D show respectively the intra-
experimental (per mouse) and inter-experimental correlation between MMP-2 level and
177 u-dACPP uptake in infarcted, border, and remote myocardium (p<0.005). Strong linear
dependencies were found for the intra-experimental data (Pearson correlation coefficients r
of 0.84-0.95) and inter-experimental data (r = 0.78) (Table 3.3).
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Figure 3.2: '”Lu-biodistribution of 10 nmol *”7Lu/**I-dACPP in infarct, border, remote
myocardium and muscle of MI-mice (n=5) and in hearts of sham-mice (n=4) at 20h post injection.

Data are mean %=

Table 3.1: Biodistribution results of 10 nmol *”’Lu/***I-dACPP in MI-mice and sham-mice 20h post
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injection. The data are presented as mean £ SD.

20h - dACPP MI-mice (n=5) sham-mice (n=4)
771y 1251 Ratio 7y 1251 Ratio

(%ID/g) (%ID/g) 177 u /%51 (%]ID/g) (%]ID/g) 77 /121
Blood 0.01 £ 0.00 0.01 + 0.00 1.4+£0.4 0.01 + 0.00 0.01 £ 0.00 1.5+ 0.8
Heart, infarct 1.43 £ 0.21 0.09 £ 0.06 22.2 + 13.4 - - -
Heart, border 0.67 £ 0.09 0.05 + 0.02 14.0 £ 4.3 - - -
Heart, remote 0.23 £ 0.05 0.04 + 0.02 6.2 £ 0.8 0.09 + 0.01 0.02 £ 0.01 5.0+ 1.5
Muscle 0.10 £ 0.02 0.01 + 0.00 9.0+ 1.4 0.11 + 0.02 0.01 + 0.00 9.8 +2.1
Lung 0.43 £ 0.28 0.06 + 0.04 7.5+ 0.9 0.43 £ 0.09 0.06 = 0.01 7.2+0.7
Spleen 2.50 £ 0.70 0.14 £ 0.07 20.9 +£ 9.6 2.84 + 1.02 0.15 + 0.03 19.1 + 3.2
Liver 20.4 £ 4.23 0.40 £ 0.16 55.9 £ 16.5 19.0 £ 2.80 0.48 + 0.07 40.2 £ 7.6
Kidney 75.0 £ 10.4 34.8 £ 6.63 2.2 +0.1 77.8 £ 10.0 39.6 + 4.34 2.0 £0.2
Fat 0.12 £ 0.07 0.04 + 0.04 42 +1.9 0.12 + 0.08 0.02 + 0.01 6.1 £ 0.7
Thigh bone 1.52 £ 0.39 0.64 £+ 0.54 3.5+ 2.1 1.63 £ 0.30 0.15 + 0.05 11.4 + 4.2
Brain 0.01 £ 0.00 0.00 + 0.00 ND 0.01 + 0.00 0.00 = 0.00 ND
Stomach, full* 0.07 £ 0.03 0.05 + 0.03 ND 0.06 + 0.01 0.08 £ 0.07 ND
Intestine, full* 0.44 £ 0.18 0.17 + 0.08 ND 0.45 + 0.10 0.28 = 0.31 ND
Thyroid* 0.04 £ 0.05 0.08 + 0.12 ND 0.03 + 0.03 0.47 + 0.55 ND

* expressed in %ID
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P

Figure 3.3: Histology and autoradiography of hearts 20h post-injection of 10 nmol *”’Lu-dACPP in
mice 10 days post MI. Representative azan staining of (A) a coronal section and (C) a transversal
section showing the infarct scar in blue, and remote myocardium in red. (B,D) Autoradiography

showing distribution of *”’Lu-dACPP in adjacent sections.
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Table 3.2: Biodistribution results of 10 nmol *”’Lu/***I-non-dACPP and *”’Lu-CPP in MI-mice 20h
post injection. The data are presented as mean % SD.

77Lu/***1-non-dACPP (n=5) 77Lu-CPP (n=5)
20h T (%ID/G) T (%ID/G) iy 7Ly (%ID/g)
Blood 0.01 + 0.00 0.01 £ 0.00 0.6 £ 0.2 0.01 + 0.00
Heart, infarct 0.27 + 0.13 0.20 + 0.11 1.4 +0.1 2.49 + 0.69
Heart, border 0.15 + 0.07 0.13 £ 0.08 1.3+0.1 1.59 £ 0.55
Heart, remote 0.08 £ 0.02 0.06 £ 0.02 1.2 +£0.2 0.66 £ 0.17
Muscle 0.03 £ 0.01 0.02 £ 0.01 1.1 +£0.1 0.24 £ 0.66
Lung 0.33 £ 0.22 0.16 £ 0.19 2.7+0.8 1.24 £ 0.65
Spleen 0.55 + 0.05 0.26 + 0.05 2.2+0.2 5.71 £ 2.88
Liver 3.69 £ 1.02 1.33 £ 0.63 2.9+ 0.5 38.0 £ 10.0
Kidney 100.6 + 21.3 69.2 + 16.8 1.5+ 0.1 6.22 + 2.28
Fat 0.05 + 0.05 0.04 £+ 0.03 1.2 £0.2 0.33 £ 0.13
Thigh bone 0.70 + 0.39 1.00 + 0.81 1.1+ 0.6 2.16 + 0.98
Brain 0.00 + 0.00 0.00 % 0,00 ND 0.02 + 0.00
Stomach, full* 0.11 + 0.12 0.14 +£ 0.13 ND 0.19 + 0.05
Intestine, full* 0.14 + 0.04 0.20 + 0.10 ND 1.39 + 0.49
Thyroid* 0.02 + 0.02 0.25 £ 0.23 ND 0.08 = 0.07
* expressed in %ID
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Figure 3.4: (A) Representative gelatin zymogram of heart homogenates. Lane 1 and 4 = infarcted
myocardium, 2 and 5 = border myocardium, 3 and 6 = remote myocardium, and 7 = active MMP-2
(0.21 ng). (B) MMP-2 expression in MI-hearts (n=5) and sham-hearts (n=4). Data are mean % SD.

(C) Intra-experimental correlation and (D)

inter-experimental correlation between ”7Lu-

biodistribution of 10 nmol *”7Lu/*?°I-dACPP (n=5) and MMP-2 levels in mice 10 days post MI. The
resulting best fit parameters are shown in Table 3.3.
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Table 3.3: Best fit parameters for linear regression analysis between *”’Lu uptake for *”7Lu/**I-
dACPP (n=5) and MMP-2 levels in hearts of mice 10 days post MI. Parameters slope (%ID/g -
(ug/g)) and Pearson correlation coefficient r are listed.

20h Intra-experimental Inter-experimental
Mouse 1 Mouse 2 Mouse 3 Mouse 4 Mouse 5 N=5

Pearson r 0.93 0.84 0.94 0.95 0.90 0.78

Slope 24+03 | 1.7+04 | 1.7+£0.2 | 1.5+0.2 | 1.0+ 0.1 1.2 £ 0.1

1771 u-to-1?°I ratios for dACPP and non-dACPP.

The dual-isotope-labeled '”7Lu/*?*1-dACPP and 7’Lu/'**I-non-dACPP probes enabled us to
study the in vivo probe activation in more detail. In MI-mice, which received '7’Lu/'**1-
dACPP, infarcted heart tissue showed a significantly higher ”’Lu-to-!?°I ratio compared to
remote myocardium (Fig. 3.5, Table 3.1, p<0.05) and this points toward a higher degree of
probe activation in the infarct zone. Furthermore, the *"’Lu-to-'*I ratio was significantly
elevated in infarcted myocardium compared to muscle of MI-mice and heart tissue of sham-
mice (p<0.05). In animals injected with the negative control *”’Lu/'?**I-non-dACPP, the '7’Lu-
to-1?I ratio was near to unity and similar in infarcted, and remote myocardium and muscle
(Fig. 3.5, Table 3.2, p>0.05). A significant linear dependency was found between the ”’Lu-
to-1%°I ratios for dACPP and MMP-2 levels in MI-hearts (p<0.001), while no correlation was
found for non-dACPP (Fig 3.5B, p>0.05).

In vivo biodistribution of *77Lu/*?*I-dACPP in post-MI mice at 5h post-injection.

We also have determined the biodistribution of *”7Lu/***I-dACPP 5h post injection (Table
3.4). At this time point circulating dACPP was rarely observed. A detailed blood kinetic
experiment for dACPP in MI-mice is presented in Chapter 4. We found higher absolute
uptake levels for ”’Lu and *?I at 5h compared to 20h post injection in MI-hearts (Tables 3.1
and 3.4). Furthermore, an impressive 10-fold higher *”’Lu uptake in infarcted compared to
remote myocardium was observed at 5h post injection (Fig. 3.6, p<0.001), while a 6-fold
difference was detected at 20 h post injection (Fig. 3.2). At 5h and 20h post probe injection,
the uptake of Y”7Lu as well as the 77Lu-to-'?°I ratios for 7Lu/*?*I-dACPP in MI-hearts showed
a linear dependency with the observed MMP-2 levels (Figs. 3.5 and 3.6, p<0.001). But
importantly, the correlation coefficients for the 5h post injection data were stronger
compared to the coefficients for the 20h post injection data.
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Figure 3.5: (A) ”Lu-to-1%I ratios for ¥”7Lu/***I-dACPP (n=5) and *”’Lu/*?**I-non-dACPP (n=5) in
infarcted, border, and remote myocardium, muscle in MI-mice and heart tissue of sham-mice 20h
post injection. Data are mean + SD. (B) Correlation between MMP-2 levels and 1””Lu-to-'?°I ratios
for 177 Lu/***I-dACPP (n=5) and *”’Lu/***I-non-dACPP (n=4). Slope: 15.1 + 2.6, and Pearson r: 0.60
for 77 Lu/*?°I-dACPP. Slope 0.18 + 0.31, and Pearson r: 0.10 for 7’ Lu/*?°I-non-dACPP.

Table 3.4: Biodistribution results of 10 nmol ””Lu/*?°I-dACPP in MI-mice (n=3) 5h post injection.
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O non-dACPP

1.0
MMP-2 level (ng/g tissue)

15

5h

77Lu/***I-dACPP

YLy (%ID/g) I (%ID/g) 177ﬁt/'351
Blood 0.09 + 0.03 0.11 £ 0.04 0.9 £ 0.5
Heart, infarct 3.60 + 0.68 0.28 + 0.03 13.0 £ 2.7
Heart, border 1.18 £ 0.31 0.16 £ 0.02 7.3+1.4
Heart, remote 0.35 £ 0.13 0.13 £ 0.02 2.6 £ 0.7
Muscle 0.48 £ 0.14 0.19 £ 0.21 5.7 £4.3
Lung 1.09 = 0.30 0.28 £ 0.11 4.1+1.1
Spleen 2.72 £ 1.48 0.14 £ 0.05 18.3 = 4.6
Liver 28.5 £ 5.33 0.51 £ 0.08 56.0 £ 13.1
Kidney 59.9 + 8.10 37.0 £ 8.11 1.7 £ 0.3
Fat 0.33 £ 0.08 0.08 £ 0.02 4.1 £ 0.6
Thigh bone 2.47 £ 1.02 0.64 £+ 0.64 6.2 £4.8
Brain 0.02 £ 0.00 0.01 £ 0.00 ND
Stomach, full* 0.10 £ 0.03 1.13+1.71 ND
Intestine, full* 0.83 £ 0.24 2.45 £+ 3.31 ND
Thyroid* 0.09 £+ 0.02 0.35 £ 0.06 ND

* expressed in %ID
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Figure 3.6: (A) ”’Lu-biodistribution of 10 nmol *”7Lu/*?**I-dACPP (n=3) in MI-mice at 5h post
injection. Data are mean x SD. (B) MMP-2 levels in MI-hearts of the same mice (n=3). Data are
mean £ SD. (C) Intra-experimental and (D) inter-experimental correlation between MMP-2 levels
and ”’Lu uptake. (E) Intra-experimental and (F) inter-experimental correlation between MMP-2
levels and ”7Lu-to-*°T ratios. Best fit parameters are shown in Table 3.5.

Table 3.5: Best fit parameters for linear regression analysis between MMP-2 levels and ”’Lu
uptake, and between MMP-2 levels and *”7Lu/*?°I ratios for *””Lu/*?’I-dACPP (n=5) in hearts of MI-
mice 5h post injection. Parameters slope and Pearson correlation coefficient r are listed.

5h Intra-experimental Inter-experimental
Mouse 1 Mouse 2 Mouse 3 (n=3)
7Ly Pearson r 0.93 0.96 0.96 0.92
Slope 2.9+ 0.3 2.1+0.2 2.9+ 0.3 2.7 £ 0.2
77 u/*®-ratio | Pearson r 0.94 0.90 0.87 0.80
Slope 11.6 £ 1.2 7.0+ 1.0 4.3 +0.8 7.4 £0.9
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Discussion

The in vivo visualization of elevated levels of MMPs in heart disease has been demonstrated
by Sinusas and coworkers to correlate to cardiac dysfunction (8). In that study, a
radiolabeled MMP targeted tracer was studied in pigs with a myocardial infarction and a 3-4
fold higher tracer uptake was observed in infarcted myocardium compared to remote
myocardium. To extend the tool box for in vivo monitoring of MMP levels, we focused on the
detection of MMP catalytic activity instead of MMP levels. Here, we employed a dual-isotope
radiolabeled peptide probe that is cleavable by MMP-2/9 and subsequently is trapped in the
tissue. This probe consisted of an MMP-2/9 substrate inserted in between a polycationic cell
penetrating peptide (CPP) and a polyanionic peptide that were labeled with the orthogonal
radioisotopes ”’Lu (energy of the y-ray emitted by isotope is E, = 208 keV) and '*’I (E, = 35
keV), respectively. The cell penetrating property of the polycationic peptide was quenched by
electrostatic interactions with the polyanionic domain, preventing tissue association of the
probe. Activation of the probe would result in efficient tissue retention of the ”’Lu-labeled
polycationic peptide, while the *?°I labeled counterpart would be cleared by the kidneys.
Therefore, a large ratio of ”7Lu over '*°I would indicate cleavage of the probe and
subsequent retention of the ”’Lu-radiolabeled CPP, thereby facilitating a direct read-out of
the relative level of MMP activity.

Here, we tested this dual-isotope radiolabeled MMP-2/9 sensitive activatable CPP (dACPP) in
a mouse model of myocardial infarction (MI) to detect elevated tissue levels of MMP activity.
Both autoradiography of MI-hearts and biodistribution studies showed a 6-fold increased
uptake of the peptide-based probe in infarcted regions of the heart compared to remote
areas 20h post injection. At 5h post injection an impressive 10-fold higher uptake in
infarcted myocardium was observed compared to remote myocardium, which is a >2 fold
larger difference than reported for radiolabeled MMP targeted tracers in pig and mice 1 week
post MI (8,12), and for a fluorescent activatable probe in mice 1 week post MI (9). We also
found increased MMP-2 levels in infarcted myocardium compared to remote myocardium and
the MMP-2 levels showed a linear dependency with both the *”’Lu uptake as well as *"’Lu-to-
1251 ratios for 7’Lu/***I-dACPP at 5h and 20h post injection (Figs. 3.4-3.6). For the MMP-2/9
insensitive negative control Y7Lu/*?°I-non-dACPP, the *"’Lu-to-'*I ratios were nearly to unity
and similar in both infarct (1.4 £ 0.1) and remote (1.2 £ 0.2). These data point toward
MMP-specific activation of the cleavable probe in the MI-hearts. Next to gelatin zymography,
histology was performed on MI-hearts to assess levels of MMP activity, and macrophages.
Unfortunately, bad tissue quality limited qualitative histological analysis of MMP-2, MMP-9,
and macrophage levels, as high background signals were observed (data not shown).
Nevertheless, these data seem to indicate elevated levels of active MMP-2, -9, and
macrophages in areas of increased '”’Lu-dACPP uptake.

We recently showed that dACPP and the positive control peptide CPP are characterized by a
similar biodistribution pattern in tumor-bearing mice, suggesting that dACPP activation in the
vascular compartment was the main mechanism for the observed elevated probe uptake in
tumoral tissue (11). Here, we found a significant higher *’’Lu infarct-to-remote (p<0.01) and
Y77y infarct-to-muscle (p<0.05) ratio for dACPP compared to the positive control CPP (Fig.
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3.7, Tables 3.2 and 3.3), indicating a significant degree of infarct-specific activation of
dACPP.

20
NN 77| y-dACPP ok
C—1*"Lu-cpPP
15- —I_\
*p < 0.01
o | S N\
T 101 .
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Infarct-to-Remote Infarct-to-Muscle

Figure 3.7: Infarct-to-remote and infarct-to-muscle ratios for 10 nmol of *”’Lu-dACPP and 10
nmol of Y”’Lu-CPP in MI-mice 20h after injection (n=5). Data are mean % SD.

The absolute higher uptake levels of Y’Lu-dACPP in infarcted myocardium (3.60 + 0.68
%ID/g at 5h post injection) in comparison to MMP-2/9 expressing tumors (1.90 + 0.71
%]ID/g at 6h post injection) also point toward infarct-specific retention of dACPP. In this
respect it is important to point out that tumors are characterized by a high tissue perfusion
and an enhanced permeability and retention (EPR) compared to heart tissue, which is
associated with a higher unspecific accumulation of the ’’Lu-ACPP probe in tumors, as was
observed in tumor-bearing mice (1.90 £ 0.71 %ID/g in tumor vs 0.33 * 0.03 %ID/g in
heart). The higher local uptake in infarcted myocardium compared to tumors is therefore
exciting and is most likely due to infarct specific activation. Yet, no significant difference in
MMP-2 levels were observed for HT-1080 tumors and myocardial infarcted tissue by gelatin
zymography (Fig. 2.16 vs Figs. 3.4B and 3.6B). Even though the MMP-2 levels were similar,
the MMP-2 activity may have been different in both models. Namely, the in vivo MMP-2
activity is controlled by the family of tissue inhibitors of metalloproteinases (TIMPs). It would
be valuable to determine the TIMPs levels for both models.

Despite infarct-specific activation, the biodistribution data of 7’Lu/***I-dACPP in MI-mice also
suggest a degree of background dACPP activation in the vasculature, indicated by *’Lu-to-
1251 ratios > 1 in various tissues that show low levels of MMP expression, e.g. sham-hearts
(*”7Lu/**I ratio = 5.0 £ 1.5) and remote myocardium (*”7Lu/**°I ratio = 6.2 + 0.8). Probe
activation in the vasculature has resulted in a strong accumulation of the activated domain,
177Lu-CPP, in the liver (20.4 + 4.2 %ID/g), an organ adjacent to the heart. Therefore, an
ACPP-based activatable imaging probe that is activated in the infarct without activation in
the vasculature is highly valuable. Such a probe may display reduced background liver
uptake as observed for non-dACPP (3.7 £ 1.0 %ID/g), an ACPP analog that showed no
detectable cleavage in the vasculature, while the local infarct-specific activation may still
result in relatively high target uptake. Hereby, an improvement of the signal-to-noise ratios
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may be achieved. In Chapter 5, the development of these infarct-specific sensitive ACPPs is
subject of research.

The biodistribution data for 5h and 20h post injection, suggest probe wash-out from the MI-
hearts overtime. As mentioned earlier, we found linear dependencies between MMP-2
expression on one hand and probe uptake (Y”’Lu uptake) and probe activation (”’Lu-to-1?°I
ratio) on the other hand at both time points. Stronger Pearson correlation coefficients (r)
were observed at 5h post-injection due to higher variation for the 20h post injection
biodistribution data. The observed probe clearance from the target tissue overtime most
likely has contributed to this larger variation. A blood kinetic experiment revealed a blood
half life of ~17 min (see Chapter 4, Table 4.1). For imaging of dACPP biodistribution in MI-
mice, the best time point would be 2.5h post injection. At this time point, the background
signal from the blood is sufficiently low (~0.1% ID/g).

In this study, myocardial infarction was induced via surgery, which often is associated with
an inflammatory response, scar tissue formation and potential MMP expression in the
surgical wound area. This area is relatively close to the infarcted myocardium. In the
biodistribution studies, the hearts were carefully excised from the euthanized animal to
minimize presence of surrounding tissue. For a follow-up study, a different animal model of
heart disease without the need for surgery and accompanying risk for infections and scar
tissue formation, e.g. a spontaneous heart failure model, may be valuable to assess dACPP
biodistribution with regard to MMP detection in heart disease.

Conclusion

We demonstrated a significant contribution of infarct-associated ACPP activation to infarct
targeting of dACPP, most likely due to MMPs. An impressive 10-fold higher probe uptake was
observed in infarcted tissue compared to remote myocardium. Future research should
address whether dACPP can be used for in vivo nuclear imaging of MMPs in heart disease.
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Methods

Probe synthesis

Peptides Ac-y-eg-x-PLGLAG-ro-x-k(DOTA)-NH, (dACPP), Ac-y-eo-x-LALGPG-r9-x-k(DOTA)-NH;
(non-dACPP), and Ac-LAG-rg-x-k(DOTA)-NH, (CPP), wherein x denotes amino-hexanoic acid, were
synthesized as previously described (Chapter 2).

Animal studies

All animal procedures were approved by the ethical review committee of the Maastricht University
Hospital (The Netherlands), and were performed according to the principles of laboratory animal
care (NIH publication 85-23, revised 1985) (13), and the Dutch national law “Wet op Dierproeven”
(Stb 1985, 336). Male Swiss mice (body weight >25g, Charles River Labs) were housed in an
enriched environment under standard conditions: 21-23 °C, 50-60% humidity, and 12h-lightdark-
cycles for >1 week. Food and water were freely available.

Myocardial infarction (MI) model

MI was induced by permanent ligation of the left anterior descending coronary artery (LAD) using
published procedures (14). In short, animals were subcutaneously injected with buprenorphine
(0.1 mg/kg) and 30 min later anesthetized with isoflurane. Animals were intubated and ventilated
with 100% oxygen with a rodent respirator. After left thoracotomy between ribs four and five, the
LAD was ligated with a 6-0 prolene suture. The chest and skin were closed with 5-0 silk sutures.
The animal's temperature was continuously measured rectally and maintained at 36.5-37.5 °C
during surgery. Sham-operated animals underwent the same procedure, except that the 6-0
prolene suture was passed through the myocardium without ligating the LAD, and served as
controls. After surgery, animals were allowed to recover at 30 °C overnight. Ten days post MI, the
animals were used for biodistribution studies.

Radiolabeling

The labeling buffers were treated with Chelex-100 resin (BioRad Laboratories) overnight and
filtered through 0.22 um. ¥”7Lu/*?I-dACPP and '”7Lu/*?°I-non-dACPP. Y"7LuCls in 0.05 M HCI (4.0
uL, 20.0 MBq) was mixed with dACPP or non-dACPP in MilliQ water (3.7 pL, 25 nmol), and metal-
free 0.9% NaCl (242.3 pL) for 20 min, at 600 rpm and 90 °C. '?°I (PerkinElmer) in phosphate
buffered saline (PBS) pH 7.4 (7.0 puL, 12.5 MBq) was mixed with dACPP or non-dACPP in MilliQ
water (3.7 pL, 25 nmol), and PBS (239.3 pL) in a Pierce iodination tube (Thermo Fischer Scientific)
for 20 min, at 600 rpm and 23 °C, and transferred to a siliconized 1.5 mL tube. ¥”7Lu-CPP. "7 LuCl3
in 0.05 M HCI (2.0 uL, 10.0 MBq) was mixed with CPP in MilliQ water (3.0 uL, 25 nmol), and metal-
free 0.9% NaCl (245 uL) for 20 min, at 600 rpm and 90 °C.

The Y7Lu and '?°I labeling yields were determined by radio-TLC, using iTLC-SG strips (Pall) eluted
with 200 mM EDTA in 0.9% NaCl and 20 mM citric acid at pH 5.2, respectively, imaged on a
phosphor imager (FLA-7000, Fujifiilm) and quantified with AIDA Image Analyzer software.
Analytical radio-HPLC was carried out on an Agilent 1100 system equipped with a C18 Eclipse XBD-
column (length = 150 mm, diameter = 4.6 mm, particle size = 5.0 ym) and a Gabi radioactive
detector (Raytest). The radiochemical purities were 95% or higher, and typically at least 97%.
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177Lu-labeled dACPP/non-dACPP was mixed with '?°I-labeled dACPP/non-dACPP in a 1:1 molar
ratio.

Biodistribution experiments

Biodistribution experiments were performed on MI-mice (n=3-5 per probe) or sham-mice (n=4) by
i.v.-injection of *”’Lu/*?*I-dACPP (10 nmol/100 pL, ca. 4.0 MBq '”’Lu, ca. 2.5 MBq '®I), Y"7Lu/**°I-
non-ACPP (10 nmol/100 pL, ca. 4.0 MBq *"’Lu, ca. 2.5 MBq *?°I), or ’Lu-CPP (10 nmol/100 pL,
ca. 4.0 MBq). The mice were anesthetized with isoflurane 5h or 20h after i.v.-injection, subjected
to 2% (w/v) Evans Blue i.v.-injection (50 mg/kg) and sacrificed 2 min later by cervical dislocation.
Organs and tissues of interest were harvested and weighed, after which the radioactivity of the
samples was measured in a y-counter (Wizard 1480; PerkinElmer) along with standards to
determine the injected dose per gram (%ID/g). The energy windows were set to 10-80 keV for 2°I
and 155-380 keV for 7Lu. The hearts were cooled to 4 °C, cut in 1 mm slices from apex to base.
Randomly heart slices were incubated in 1.0% (w/v) 2,3,5-triphenyltetrazolium chloride (TTC) in
PBS at 37°C, 300 rpm for 20 min to prove consistency between in vivo Evans Blue and ex vivo TTC
staining (Fig. 3.8). Infarct, border, and remote areas were isolated based on Evans Blue staining,
and %ID/g for **°I and *”’Lu was determined by a y-counter. TTC-stained slices were excluded for
y-counting due to wash-out of the radiolabeled probes during the incubation.

Evans Blue TTC staining Heart segmentation

— Border

Infarct

Border

Figure 3.8: Representative photographs of in vivo Evans Blue stained and subsequent ex vivo TTC
stained 1 mm transversal heart slices of different mice showing consistency in infarct/remote
identification. On the right, representative assignments of the infarcted, border, and remote
myocardium is shown for the Evans Blue stained slices.

Sample preparation, tissue homogenates.

After y-counting, tissue samples were homogenized in 20 volumes of 50 mM Tris, 200 mM NaCl,
10 mM CaCly, and 10 uM ZnCl; at pH 7.5 at 4 °C at 25 Hz for 2 x 5 min and subsequently mixed at
5 Hz for 2 x 15 min using a tissue lyser (Qiagen), and then centrifuged at 5,000 rpm for 5 min at
4 °C. The supernatants were aliquoted and stored at -80 °C until zymography analysis. Typically,
14 L tissue supernatant (from 0.7 mg tissue homogenate) was used per analysis.
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Gelatin zymography

Samples were analyzed on 10% SDS-PAGE gel containing 0.1% (w/v) gelatin (Biorad). MMP-2
(Calbiochem, Merck) (0.21 ng) was loaded as an internal standard used to normalize activities
between gels. Electrophoresis was performed at 150V for 1.5h, after which the gels were washed
with MilliQ water, incubated for 3 x 20 min in 2.5% Triton-X (50 rpm) to remove SDS, washed
with MilliQ water, and incubated in 50 mM Tris, 200 mM NaCl, 5 mM CaCl;, 0.1% (w/v) NaNs, and
0.02% (w/v) Brij-35 at pH 7.6 and 37 °C for 2 days. Gels were stained for 2h with 0.25%
Coomassie Blue in 60% (v/v) MilliQ water, 30% (v/v) Methanol, 10% (v/v) Acetic acid, and
destained for > 24h with 67.5% (v/v) MilliQ water, 25% (v/v) Methanol, 7.5% (v/v) Acetic acid.
Gelatinatic activity showed up as clear bands against a dark background. Zymograms were imaged
(Epson Perfection V700 Photo scanner) and band intensities were quantified using ImageJ.

Autoradiography and histology

MI-mice (n=4) were injected i.v. with ”’Lu-dACPP (10 nmol/100 pL, ca. 20.0 MBq '”’Lu). The mice
were anesthetized with isoflurane 20h after i.v.-injection, and tissue perfusion fixation was
performed with 4% PFA in sterile PBS. The hearts were excised and incubated in 4% PFA at 4 °C
for 2h, washed with ice-cold PBS, and incubated in 15% sucrose in PBS for 16-48h. The hearts
were cut in half (either in coronal or transversal direction), and sliced into sections with a
cryomicrotome (repetitions of 1 x 40 ym and 10 x 10 pum sections for autoradiography and
histology, respectively). Autoradiography was performed for max. 80 h using a Microlmager
(BioSpace Lab). The radioactivity within each region of interest (ROI) was quantified by Image].
Azan staining was performed using standard procedures.

Statistical methods

Quantitative data were expressed as mean + SD. Standard one-way or repeated measures ANOVA,
with Bonferroni’s post hoc testing, was used for multiple group comparisons. Single groups were
compared with the one-tailed unpaired Welch’s t test (15). Groups with p<0.05 were considered
significantly different. Linear regression was performed to assess linear relationship between MMP
expression levels and *”’Lu-uptake for dACPP and between MMP expression and ”’Lu-to-1%°I ratios
for dACPP and non-dACPP. GraphPad Prism was used for all statistical calculations.
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Chapter 4

Long-circulating radiolabeled MMP-2/9
activatable cell penetrating peptides

Abstract

A radiolabeled matrix metalloproteinase-2/9 (MMP-2/9) activatable cell penetrating peptide
(dACPP) has been shown to be a promising imaging probe for the detection of cardiac
remodeling. This peptide-based probe is characterized by a relatively short circulation time
(ty2 ~ 17 min), thereby limiting the exposure time to the target protease. Here, we
developed MMP-2/9 activatable cell penetrating peptides with a prolonged circulation time
(t12 ~ 90 min) due to the introduction of low molecular weight albumin binding ligands (i.e.
palmitic acid (Palm), or deoxycholic acid (DOCA)) into the probes. We have called these
imaging probes AIbACPPs. In the presence of human serum albumin, in vitro cleavage of
AlIbACPP-PEG-DOCA by MMP-2 occurred at a comparable rate as observed for the parent
dACPP probe, while the cleavage rate for AIbACPP-PEG-Palm was significantly lower. In vivo
biodistribution studies in a mouse model of myocardial infarction pointed towards local
activation of AIbACPP-PEG-DOCA in areas of cardiac remodelling. Despite the increased
circulation time of this probe, the infarct-to-remote ratios and absolute probe uptake in
infarcted areas of the heart was comparable to dACPP.

Based on:

van Duijnhoven SMJ, Robillard MS, Hermann S, Kuhlmann M, Schéfers M, Nicolay K, and Grill H.
In vivo detection of cardiac remodeling using radiolabeld MMP-2/9 activatable cell-penetrating
imaging probes. In preparation
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Introduction

Short circulating imaging probes are clinically advantageous as diagnostic imaging can be
performed within a few hours after probe administration limiting hospitalization time.
Although a rapid blood clearance results in low background signals, it also minimizes the
exposure time of the probe to its protein target that may result in a hampered accumulation
at the target site. In Chapter 3, we showed that a short circulating radiolabeled low
molecular weight activatable cell penetrating peptide (dACPP) (ti2 ~ 17 min) cleavable by
the proteolytic activity of matrix metalloproteinases-2/9 (MMP-2/9) was locally activated in
mouse heart tissue undergoing cardiac remodeling. We demonstrated that the level of
activation of the ACPP imaging probes correlated significantly with the expression levels of
MMP-2/9. Unfortunately however, this probe displayed a relatively low absolute uptake. In
that respect, further improvements of the ACPP imaging platform may be achieved by ACPP
imaging probes with a longer circulation, thereby increasing the exposure time to the target
proteases.

Several strategies have been reported to increase the circulation time of peptide probes
including PEGylation (MW > 2 kDa) of the probes (1), loading the probes on or into
macromolecular carriers (2,3), or covalent or non-covalent binding of the probes to the
transporter protein albumin (4-7). In general, PEGylation results in a stealth character of the
imaging probe that may reduce probe-target interaction. Alternatively, covalent coupling of
the low molecular weight peptides to high molecular weight carriers such as albumin is
aimed to reduce renal clearance as these probe conjugates are too large to be excreted by
the kidneys (5). However, covalent coupling of ACPP to these carriers will mainly restrict the
bioavailability of the ACPP-conjugate to the blood pool, while free ACPP displayed distribution
to the extravascular extracellular space (8). We therefore focused on the development of low
molecular weight MMP-2/9 ACPP probes which can reversibly bind to albumin upon
intravenous administration and still allows the extravasation of the unbound compound. We
hypothesized that the imaging probe may be able to dissociate from albumin and distribute
into the extravascular extracellular space to be activated in the extracellular matrix
subjected to remodelling. It has to be noted that the infarcted myocardium may show signs
of a hyperpermeable damaged microvasculature (9). Therefore, the albumin-ACPP conjugate
may display some enhanced retention in the infarcted region. Furthermore, albumin is not
only present in the intravascular space, but also in the interstitial space (10). In that
respect, we aimed for albumin-ACPP conjugates wherein the ACPP probe retains its MMP-2/9
sensitivity once bound to albumin.

Albumin is the most abundant protein in the circulation (7). Binding pockets on the surface
of the protein enable strong association of a variety of compounds such as bile, and long-
chain fatty acids. Functionalization of peptides or MRI imaging agents with several types of
albumin-binding compounds has resulted in long-circulating peptides (4-7) or blood pool MRI
contrast enhancing agents (11-14). Here we focused on the conjugation of the MMP-2/9
ACPP imaging probe to a high affinity albumin ligand, palmitic acid (Palm) with a equilibrium
binding constant (K,) of 2.2 x 10® M (15), or to an intermediate affinity albumin ligand,

88



Long-Circulating Activatable Cell Penetrating Peptides

deoxycholic acid (DOCA) with a K, of 7.6 x 10* M (16). The ligands were coupled to ACPP
via a y-Glu linker, which has been reported to further improve the affinity for albumin (6),
most probably by direct interaction with charged amino acids on the surface of albumin.
Peptide probes with and without a poly(ethyleneglycol) (PEG) linker between the ACPP
peptide and the albumin ligand were synthesized to study steric hindrance effects around the
MMP cleavable linker, potentially induced by the bulky albumin protein. To enable dual
isotope studies, a DOTA chelate (for *’Lu labeling) was coupled to the cell penetrating
peptide domain and a 3-(4-hydroxyphenyl)propionic acid (SHPP) residue (for %I
conjugation) was introduced at the N-terminal region of the neutralizing domain. The
molecular structures of the MMP-2/9 activatable probes AIbACPP-PEG-DOCA, AIbACPP-DOCA,
AlIbACPP-PEG-Palm and AIbACPP-Palm are shown in Figure 4.1. The blood kinetics and
biodistribution profiles of *”7Lu/*?°I-AlbACPP-PEG-DOCA and '7’Lu/***1-AIbACPP-PEG-Palm and
the corresponding negative controls were determined in a mouse model of myocardial
infarction.

Results

Probe synthesis

The MMP-2/9 sensitive peptide-based probes dACPP (synthesis described in Chapter 2),
AIbACPP-PEG-DOCA, AIbACPP-DOCA, AIbACPP-PEG-Palm and AIbACPP-Palm were
successfully prepared by Fmoc solid-phase peptide synthesis. Deoxycholic acid was activated
using n-hydroxy succininimidyl ester (NHS), purified and subsequently conjugated to the N-
terminus of the peptide probe on the solid phase. Similarly, palmitic acid-NHS was coupled
to the N-terminus of the peptide probe on the solid phase. Subsequently, DOTA-NHS was
conjugated to the C-terminal lysine residue upon site-specific deprotection of the Mtt-
protected €-amino group. Following peptide cleavage, all probes were purified by reversed
phase - HPLC. In the final step, SHPP-NHS was conjugated to the N-terminal lysine of
AIbACPP-PEG-DOCA and AIbACPP-PEG-Palm and the peptide based probes were purified. The
negative control probes non-AIbACPP-PEG-DOCA and non-AlbACPP-PEG-Palm, containing the
MMP-2/9 insensitive LALGPG peptide substrate, were synthesized by employing the same
strategy. Liquid chromatography - mass spectrometry (LC-MS) analysis demonstrated pure
peptides with molecular masses consistent to their theoretic masses (Fig. 4.2).
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A MMP-2/9
substrate
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Figure 4.1: (A) Schematic of an MMP-2/9 sensitive albumin binding dual-isotope labeled AIbACPP.
Molecular structure of (B) DOCA-e*-PEGg-k(SHPP)-e9-x-PLGLAG-ro-x-k(DOTA)-NH, (AIbACPP-PEG-
DOCA) and (C) Palm-e*-PEGg-k(SHPP)-e9-x-PLGLAG-ro-x-k(DOTA)-NH, (AIbACPP-PEG-Palm). The
MMP-2/9 cleavage site is indicated by the arrow. The domain that is surrounded by brackets is not
present in the probes AIbACPP-DOCA and AIbACPP-Palm. For the negative control probes non-
AIbACPP-PEG-DOCA and non-AlIbACPP-PEG-Palm, the MMP-2/9 substrate PLGLAG was replaced by
MMP-2/9 insensitive scrambled linker LALGPG.
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Figure 4.2: LC-MS characterization of (A) DOCA-e*-PEGgs-k(SHPP)-e9-x-PLGLAG-ro-x-k(DOTA)-NH,
(AIbACPP-PEG-DOCA, obsd. 4946.8 Da, calcd. 4946.7 Da), (B) Palm-e*-PEGs-k(SHPP)-e9-x-

PLGLAG-ro-x-k(DOTA)-NH; (AIbACPP-PEG-Palm, obsd. 4810.8 Da, calcd. 4810.7 Da), (C) DOCA-
(Non-AIbACPP-PEG-DOCA, obsd. 4946.8 Da,

e*-PEGg-k(SHPP)-eo-x-LALGPG-ro-x-k(DOTA)-NH.
calcd. 4946.7 Da), and (D) Palm-e*-PEGg-k(SHPP)-e9-x-LALGPG-ro-x-k(DOTA)-NH> (Non-AIbACPP-

PEG-Palm, obsd. 4810.8 Da, calcd. 4810.7 Da). The left and right graphs show the UV absorbance
chromatogram and the mass spectrum of the UV-peak bracketed by the arrowheads, respectively.
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MMP-2 sensitivity of AIbACPPs in presence of albumin

Binding of AIbACPPs to albumin may reduce ACPP sensitivity for MMP-2/9 due to steric
hindrance around the MMP-2/9 cleavable site of ACPP, induced by the bulky albumin protein.
To investigate this possible effect, the MMP-2 sensitivity of dACPP, AIbACPP-PEG-DOCA,
AlIbACPP-DOCA, AlIbACPP-PEG-Palm and AIbACPP-Palm was assessed in the presence of 4.5%
w/v human serum albumin (HSA). All probes were radiolabeled with *”’Lu, incubated with
MMP-2, and the release of ”’Lu-CPP was measured by y-HPLC overtime (Figs. 4.3 and 4.4).
dACPP, AIbACPP-PEG-DOCA, and AIbACPP-DOCA showed a similar ”’Lu-CPP release after 1h
and 4h incubation (p>0.05), while AIbACPP-PEG-Palm and AIbACPP-Palm showed a
significant reduced CPP release at the same time points (p<0.05). In addition, the CPP
release for AIbACPP-Palm probe was significantly lower at 4h compared to AIbACPP-PEG-
Palm (p<0.05). This suggests that PEGylation improved accessibility around the MMP-2/9
cleavable site for AIbACPP-PEG-Palm, but may be further enhanced by application of a longer
PEG-chain.

A CPra 177 ChE
Lu-AIbACPP-PEG-DOCA
g.oo 0 T 5o T T T Tinloo T "20000 min
B
CPs 177, 4-cPp ChE
177 y-AIbACPP-PEG-DOCA
p.oo 0 Tsbo 7 Tiwton "15o0 0 7 Tzoloo ‘min

Figure 4.3: y-HPLC analysis of 1”’Lu-AlIbACPP-PEG-DOCA (25.0 uM) (A) before and (B) 60 min
after incubation with MMP-2 (18.0 nM) in the presence of 4.5% HSA. The panel shows the y-
radiation monitored by a y-detector (CPS = counts per second).
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Bloodkinetics and in vivo biodistribution

The blood kinetics of *”7Lu/*?°I-dACPP, 77Lu/*?°I-AIbACPP-PEG-DOCA, and *"’Lu/*?*I-AIbACPP-
PEG-Palm and the negative control probes ”’Lu/*?*I-non-AlbACPP-PEG-DOCA, and '7’Lu/'*I-
non-AlbACPP-PEG-Palm were studied in a mouse model of myocardial infarction (11 day-old
infarcts). All peptides displayed biphasic elimination from the circulation, but a strong
increase in circulation time was observed for the albumin binding probes compared to dACPP
(Fig. 4.5, Table 4.1). Specifically, the Y’Lu half lives were 17 min for ”’Lu/**I-dACPP, 87
min for '77Lu/'°I-AIbACPP-PEG-DOCA, and 95 min for 7’Lu/'5I-AlbACPP-PEG-Palm. The
calculated volume of distribution (Vp) was 0.16 L/kg for dACPP, 0.12 L/kg for AIbACPP-PEG-
DOCA, and 0.08 L/kg for AIbACPP-PEG-Palm. This suggests an extracellular extravascular
biodistribution for dACPP, as was earlier observed in tumor-bearing mice (Chapter 2), a
restricted extracellular extravascular biodistribution for AIbACPP-PEG-DOCA, and no
extravascular distribution for AIbACPP-PEG-Palm (17,18).

The blood kinetics of Y7Lu and *2°I for 77Lu/!?°I-AIbACPP-PEG-DOCA follow different trends,
with a 2.4-fold faster clearance of ”’Lu compared to '*°I (half lives of 87 min and 207 min,
respectively), which would suggest probe activation and tissue entrapment of the activated
CPP domain. Further evidence for this assertion comes from the '7’Lu/'?°I ratios in the
analyzed tissues, displaying a higher uptake for ’Lu than that for ?°I (Table 4.3). '”7Lu/'**I-
AlbACPP-PEG-Palm showed a 1.9-fold faster clearance of ”’Lu compared to '?I (half lives of
95 min and 185 min, respectively) and 7’Lu/*?*I ratios were reduced in all tissues compared
to '77Lu/*?°I-AIbACPP-PEG-DOCA, suggesting a lower in vivo sensitivity of this probe for
proteolytic degradation (Table 4.4). This corresponds well with the results obtained in the in
vitro MMP-2 sensitivity assay. AIbACPP-PEG-DOCA and non-AlbACPP-PEG-DOCA showed a
high uptake by the kidneys, while AIbACPP-PEG-Palm and non-AlbACPP-PEG-Palm
accumulate preferentially in the liver.

93



Chapter 4

21
\ ¢ dACPP
B AIbACPP-PEG-DOCA
\S 144 O AIbACPP-PEG-Palm
a
S
¢
S 74 ::i
Time (h)
C
30
AIbACPP-PEG-DOCA
® 17, O 125
20
2
a
N
10 1\50
(N O
0 T T T T ,
0 2 4 6
Time (h)
E
30
AIbACPP-PEG-Palm
" [ 177LIJ O 125|
20
2
a
X
10 \%
0 T T T T T “' ------ 8
0 2 4 6

Time (h)

12
g Y7 W21 dACPP
AI:: ° 177Lu O 125|
8
o Ik
S {a
449 0O
. b
[ e
0T g
0 50 100 150
Time (min)
D
30
. Non-AIbACPP-PEG-DOCA
[ 177Lu @) 125|
20
(=)
g 2
8 Q.
10 '8
T
O ¢
o ; T 6
0 2 4 °
Time (h)
F
30
Non-AlbACPP-PEG-Palm
[ 177Lu O 125|
20
=y
5 .
S
10g
foX
O Tung
S I L-\‘--{““\N—'q
1 T J ' ;
0 2 4 ®
Time (h)

Figure 4.5: Blood kinetic profiles of 10 nmol (A) ”7Lu-dACPP, ”’Lu-AIbACPP-PEG-DOCA, and
1771 u-AIbACPP-PEG-Palm, (B) 1”7Lu/*?°I-dACPP (n=3), (C) 1”7Lu/*?*°I-AIbACPP-PEG-DOCA (n=3), (D)
and (F)

1771 u/*2°I-non-AIbACPP-PEG-DOCA  (n=2),

(E) 177Lu/***I-AIbACPP-PEG-Palm (n=3),

1771 u/*2°I-non-AIbACPP-PEG-Palm (n=2) in MI-mice. The data are presented as mean %ID/g + SD

Blood kinetics were fitted with a 2-phase exponential decay function (see Table 4.1).
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Table 4.1: Parameters for ”’Lu and ?°I blood kinetic profiles for 177 Lu/**°I-dACPP, 177 Lu/***I-
AIbACPP-PEG-DOCA,  7Lu/***I-AIbACPP-PEG-Palm,  '”7Lu/***I-non-AIbACPP-PEG-DOCA,  and
1771 u/*2°I-non-AIbACPP-PEG-Palm in mice 11 days post MI. Blood kinetics were fitted with the 2-
phase exponential decay function Y = span; - exp(-K; - X) + span; - exp(-K> - X) + Plateau. The
half-life is the time point at which the area under the fitted curved (AUC) reached 50% of the total
AUC.

Span; Ky Span; K> half-life

(%ID/g) | (h™) (%ID/q) (h™) (min)
177|_u
dACPP (n=3) 6.63 2.94 11.2 32.0 17
AIbACPP-PEG-DOCA (n=3) 9.51 0.57 14.6 7.68 87
AlIbACPP-PEG-Palm (n=3) 9.26 0.31 24.4 14.0 95
Non-AIbACPP-PEG-DOCA (n=2) 11.5 0.39 18.1 7.16 150
Non-AIbACPP-PEG-Palm (n=2) 9.64 0.50 10.8 8.04 169
125]:
dACPP (n=3) 8.63 1.85 9.30 30.0 25
AIbACPP-PEG-DOCA (n=3) 9.82 0.27 16.0 7.36 207
AlIbACPP-PEG-Palm (n=3) 8.52 0.26 26.5 13.5 185
Non-AIbACPP-PEG-DOCA (n=2) 11.6 0.39 18.3 6.75 230
Non-AIbACPP-PEG-Palm (n=2) 6.22 0.48 7.44 6.64 220

Distribution in MI-hearts

A significantly higher uptake of ”’Lu-AIbACPP-PEG-DOCA was observed in infarcted areas
(1.68 = 0.34 %ID/g) of the heart compared to remote regions (0.25 + 0.02 %]ID/g) at 50h
post-injection (p<0.01, Table 4.3). For the non-albumin binding probe '”’Lu-dACPP, a
comparable biodistribution pattern was observed in infarct and remote areas at 20h post-
injection; 1.43 £ 0.21 %ID/g and 0.23 * 0.05 %ID/g, respectively (Chapter 3).
Correspondingly, the infarct-to-remote ratios for both probes were in the similar range (6.5
+ 1.1 vs 6.6 = 1.3 for *’Lu-dACPP and !”’Lu-AIbACPP-PEG-DOCA, respectively). The
negative control probe, '7’Lu-non-AlbACPP-PEG-DOCA (n=2), showed a 2.5-fold lower
uptake in the infarcted region (0.66 + 0.09 %ID/g) compared to '”’Lu-AlbACPP-PEG-DOCA
(p<0.05), while for dACPP and non-dACPP, a 5.3-fold difference was observed. Analysis of
the 77Lu/***I ratios revealed a significantly higher ratio in the infarcted area (3.5 = 0.9)
compared to remote areas (0.8 * 0.1) for '7Lu/*?°I-AIbACPP-PEG-DOCA (p<0.05).
Furthermore, ”’Lu uptake and '7’Lu/!?°I ratios for '7’Lu/'%°I-AIbACPP-PEG-DOCA correlated
significantly with the MMP-2 levels (Fig. 4.6, Table 4.2), suggesting MMP mediated local
activation of 77Lu/*?’I-AIbACPP-PEG-DOCA in infarcted heart tissue. Interestingly, the
observed '7Lu/*?°I ratios are several folds lower than observed for ”’Lu/*?°I-dACPP in both
infarct and remote (22.2 + 13.4 and 6.2 £ 0.8, respectively). For animals injected with
177 u/*?51-AlbACPP-PEG-Palm (n=3), the hearts from two animals did not contain an infarct.
The biodistribution results for these animals and for animals injected with the negative
control 7Lu/'%*I-non-AIbACPP-PEG-Palm (n=2) can be found in Table 4.4, but statistical
analysis of these data was not be performed.
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Figure 4.6: (A) Y”’Lu-biodistribution and (B) ¥”’Lu/*?°I ratios of 10 nmol *””Lu/**°I-AIbACPP-PEG-
DOCA (n=3) in MI-mice at 50h post injection. Data are mean £ SD. (C) Intra-experimental and
(D) inter-experimental correlation between MMP-2 level and *”’Lu uptake. (E) Intra-experimental
and (F) inter-experimental correlation between MMP-2 level and ”’Lu-to-?’I ratios. Best fit

parameters are shown in Table 4.2.
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Table 4.2: Best fit parameters for linear regression analysis between MMP-2 levels and ”’Lu
uptake, and between MMP-2 levels and *”7Lu/*?*I ratios for 77 Lu/***I-AIbACPP-PEG-DOCA (n=3) in
hearts of MI-mice 5h post injection. Parameters slope and Pearson correlation coefficient r are

listed.
AIbACPP-PEG-DOCA Intra-experimental Inter-experimental
Mouse 1 Mouse 2 Mouse 3 (n=3)
177Lu
Pearon r 0.97 0.92 0.97 0.82
Slope 0.89 = 0.07 1.49 + 0.19 1.10 £ 0.08 1.12 £ 0.09
1771 u/**5I-ratio
Pearson r 0.98 0.92 0.93 0.81
Slope 2.40 £ 0.15 3.12 £ 0.39 1.17 £ 0.14 1.92 £ 0.23

Table 4.3: Biodistribution results of 10 nmol 7Lu/***I-AIbACPP-PEG-DOCA (n=3) and 7’Lu/**I-
non-AIbACPP-PEG-DOCA (n=2) in MI-mice 50h post injection. Data are presented as mean + SD.

50h 1771 u/*2°1-AlbACPP-PEG-DOCA (n=3) 77 u/*?*1-non-AlbACPP-PEG-DOCA
77y 225, Ratio 7Ly 1251 Ratio
(%ID/g) (%ID/g) 177y 1251 (%ID/g) (%ID/g) 177 /1251
Blood 0.01 + 0.00 0.06 + 0.01 0.19 + 0.04 | 0.04 = 0.04  0.10 £ 0.03  0.40 + 0.33
Heart, infarct 1.68 £ 0.34 0.51 £ 0.21 3.48 £ 0.87 | 0.66 + 0.09 0.65+ 0.08 1.02 + 0.00
Heart, border 0.58 £ 0.11 0.32 £ 0.11 1.87 £ 0.27 | 0.24 + 0.01 0.29 £ 0.05 0.85 % 0.09
Heart, remote 0.25+ 0.02 0.30 £ 0.03 0.84 +0.11 | 0.19 + 0.00 0.27 £0.01  0.70 + 0.04
Muscle 0.30 £ 0.19 0.14 £ 0.05 2.12 £+ 0.78 | 0.09 + 0.00 0.10 £ 0.01 0.91 + 0.61
Lung 0.54 £ 0.18 0.30 £ 0.06 1.74 £ 0.23 | 0.60 + 0.45 0.54 £ 0.38  1.07 + 0.09
Spleen 2.20 £ 1.24 0.37+£0.22 6.18+1.93 | 0.72 £ 0.11 1.04 £ 0.31  0.70 + 0.10
Liver 23.2+3.22 3.13+£0.60 7.46+ 0.57 | 6.96 + 0.40 5.22 +£0.33 1.33+0.01
Kidney 66.0 £ 21.5 5.03+2.23 13.8+2.51 |119.7+28.7 159+2.34 7.48+0.71
Fat 0.27 £0.13 0.25+ 0.12 1.11 £ 0.01 | 0.20 + 0.11 0.29 £ 0.22 0.74 £ 0.19
Thigh bone 2.29 + 0.38 0.55+ 0.35 4.96 +2.02 | 0.40 + 0.01 0.27 £ 0.04 1.49 +0.18
Brain 0.01 £ 0.00 0.01  0.00 ND 0.01 + 0.00 0.01 + 0.00 ND
Stomach, full* | 0.10 £ 0.02 0.15 £ 0.05 ND 0.06 + 0.01 0.24 + 0.05 ND
Intestine, full* | 0.28 + 0.02 0.25 * 0.03 ND 0.14 + 0.01 0.44 + 0.11 ND
Thyroid* 0.06 £ 0.04 0.79 + 0.69 ND 0.02 + 0.01 1.25 + 1.72 ND

* expressed in %ID

Table 4.4: Biodistribution results of 10 nmol *”’Lu/*?*°I-AIbACPP-PEG-Palm (n=3) and "7Lu/**I-

non-AIbACPP-PEG-Palm (n=2) in MI-mice 50h post injection. Data are presented as mean + SD.

50h 77Lu/***1-AIbACPP-PEG-Palm 77Lu/***1-non-AlbACPP-PEG-Palm
77y 2T, Ratio 7Ly 1251 Ratio
(%ID/g) (%ID/g) 177 u/t251 (%ID/g) (%ID/g) 77 u/r251
Blood 0.01 £ 0.00 0.08 +£0.02 0.16 £ 0.00 0.02 £ 0.01 0.11 £ 0.02 0.19 £ 0.03
Heart, infarct# 1.04 0.75 1.40 0.95 + 0.43 0.52 +£0.25 1.83 +0.05
Heart, remote 0.37 £ 0.04 0.40 + 0.04 0.92 + 0.05 | 0.33 + 0.04 0.24 £ 0.05 1.42 +0.14
Muscle 0.20 + 0.06 0.16 + 0.03 1.18 + 0.18 | 0.14 + 0.01 0.09 +£ 0.02 1.51 +0.15
Lung 0.50 + 0.07 0.39+0.03 1.25+0.10 | 1.75+ 1.74 3.14 £ 3.30 0.59 + 0.07
Spleen 2,92 +£0.56 2.21+0.35 1.32+0.06 | 5.80 + 2.59 10.5 + 1.17  0.54 + 0.19
Liver 35.0+£ 1.88 18.4 +£2.27 1.91 +0.12 | 35.6 + 5.49 22,1 £3.55 1.61 +0.01
Kidney 21.0 £ 2.61 6.95+ 1.42 3.06 + 0.24 | 25.8 +£ 2.91 4.32+£1.23  6.32 + 2.47
Fat 0.34 £ 0.20 0.35+0.18 0.95 = 0.09 0.66 = 0.68 0.36 £ 0.34 1.67 £ 0.32
Thigh bone 1.27 £ 0.18 0.62 + 0.07 2.06 + 0.07 | 1.53 + 0.04 1.21 £ 0.29  1.29 + 0.28
Brain 0.01 £ 0.00 0.01 + 0.00 ND 0.01 £ 0.00 0.01 £ 0.00 ND
Stomach, full* | 0.11 £ 0.03 0.19 £ 0.07 ND 0.14 £ 0.04 0.18 + 0.07 ND
Intestine, full* | 0.74 £ 0.28 0.60 + 0.17 ND 0.52 £ 0.01 0.35 £ 0.09 ND
Thyroid* 0.04 + 0.02 1.35 + 1.57 ND 0.03 £ 0.01 0.04 £ 0.03 ND
* expressed in %ID, #n=1
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Discussion

The present study focused on the development of long-circulating activatable peptide probes
for the detection of MMP-2/9 in cardiac remodeling in vivo. In Chapter 3, an MMP-2/9
activatable cell penetrating imaging probe (dACPP) was characterized that displayed a short
blood half life of ~17 min. To further improve the retention of the imaging probe in infarcted
regions, we aimed for a longer exposure time of the probe to its target protease by
introducing albumin binding ligands into the peptide probes. Albumin, the most abundant
protein in serum, is too large to be cleared by the kidneys and functions as a carrier for a
wide-range of molecules in vivo. Albumin-targeted probes have been reported to show
enhanced circulation times. Here, we aimed for imaging probes that display non-covalent
albumin binding, thereby enabling dissociation of these probes from albumin and potential
extravasation from the vasculature into areas of extracellular matrix remodeling. Two
albumin binding MMP-2/9 sensitive ACPPs (AIbACPP-PEG-DOCA and AIbACPP-PEG-Palm)
were developed, containing either an intermediate affinity albumin ligand, deoxycholic acid
(DOCA), or a high affinity albumin ligand, palmitic acid (Palm).

In vitro, AIbACPP-PEG-DOCA showed a similar cleavage rate for MMP-2 as dACPP in the
presence of human serum albumin, while the cleavage rate of AIbACPP-PEG-Palm was
significantly lower. In these experiments, the albumin unbound probe fractions were
determined to be <0.01% for AIbACPP-PEG-Palm, and 2.0% for AIbACPP-PEG-DOCA. Above
calculations are based on the albumin concentration and reported equilibrium binding
constants of palmitic acid and deoxycholic acid for bovine serum albumin. Notably, it has
been reported that the binding affinity of albumin ligands for serum albumins is species
dependent (19). In the in vitro and in vivo experiments, human serum albumin and mouse
serum albumin were respectively the albumin species of interest, and this may have
influenced the unbound probe fraction. Albumin consists of respectively four and seven high
affinity binding pockets for deoxycholic acid and palmitic acid (20,21) and as such different
pockets may be involved in binding. Therefore, the accessibility of the MMP-2/9 cleavable
site may be different for both probes once bound to albumin. Experiments comparing
AIbACPP-PEG-Palm and AIbACPP-Palm, showed a higher MMP-2 sensitivity for AIbACPP-PEG-
Palm, which suggest an improved accessibility of the MMP-2/9 cleavage site as a result of
the introduction of the PEGs linker.

In vivo experiments in a mouse model of myocardial infarction showed that both AIbACPPs
are characterized by a more than 5-fold enhancement in blood half life compared to dACPP.
The elongated blood circulation time is most likely caused by a reduction in renal clearance
due to albumin binding. Another property of the albumin ligands, that is micelle formation in
aqueous solutions, is not expected to have influenced the circulation time as the initial blood
concentration of the AIbACPP probes is >1000-fold below the critical micelle concentration
(2-5 mM range) for bile acid derivatives and palmitic acid (20,22). AIbACPP-PEG-Palm
showed a slightly longer blood half life compared to AIbACPP-PEG-DOCA. Furthermore, the
calculated volume of distributions suggest that extravasation from the vasculature did not
occur for AIbACPP-PEG-Palm, but did happen for AIbACPP-PEG-DOCA to a certain extent. Due
to its high molecular weight of 66 kDa, albumin by itself shows a low transfer rate from
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plasma to interstitial compartments (21). Calculation of the in vivo albumin unbound probe
fraction revealed percentages of <0.01% for AIbACPP-PEG-Palm, and 3.3% for AIbACPP-
PEG-DOCA. The differences in albumin affinity and corresponding unbound probe fraction,
and also the higher proteolytic degradation for AIbACPP-DOCA, will likely have contributed to
the differences observed in circulation time and free volume-of-distribution for AIbACPP-PEG-
Palm and AIbACPP-PEG-DOCA.

The strong affinity of palmitic acid for albumin leads to severely limited extravascular
biodistribution of this probe. Modification of the albumin targeting residue in AIbACPP-PEG-
Palm may allow optimization of the balance between albumin dissociation and potential
extravasation on one hand and circulation time on the other hand. For example, leaving out
the y-Glu spacer and/or decreasing the length of the acyl chain will result in a decreased
albumin affinity (6).

Although '”7Lu-AIbACPP-PEG-DOCA showed a prolonged circulation time compared to *’’Lu-
dACPP, the accumulation of these probes in infarcted myocardium is comparable. In this
respect, the restricted extravasation from the circulation of AIbACPP-PEG-DOCA as
suggested by its volume of distribution, may have reduced the effective concentration of this
probe in the remodeling myocardium, resulting in a lower degree of MMP-2/9 facilitated
activation. Nevertheless, the !"7Lu-to-!?°I ratio for AIbACPP-PEG-DOCA in infarcted
myocardium was higher compared to remote myocardium, suggesting infarct specific
activation. Another notable observation is the higher uptake in the infarcted myocardium of
the negative control probe '”’Lu-non-AIbACPP-PEG-DOCA compared to ’’Lu-non-dACPP,
whereas the uptake for 77Lu-AIbACPP-PEG-DOCA and '”’Lu-dACPP were similar. Moreover,
the AIbACPP probes showed a higher level of '?°I in most tissues and lower ”’Lu-to-'°I ratios
compared to dACPP. Following extravasation into the interstitial space the AIbACPP probes
may have bound to interstitial albumin, resulting in the entrapment of the '*I label in all
tissues. Alternatively, next to binding to albumin, palmitic acid and deoxycholic acid can
directly interact with cellular membranes potentially leading to (endothelial) cellular tagging
that may result in accumulation of the imaging probe in all tissues (23). Specifically, probe
activation in the vasculature or ECM will result in the release of the *”’Lu-CPP fragment that
is expected to penetrate the cells. For AIbACPPs the released '*I labeled fragment will
maintain its tissue retention and/or cellular tagging property due to the presence of the
albumin ligand whereas the released **°I labeled fragment for dACPP showed strong tissue
clearance and subsequent kidney accumulation. Furthermore, changes in microvascular
integrity may have facilitated albumin-probe leakage from the circulation into the infarcted
myocardium. Myocardial infarction typically results in myocyte necrosis and subsequent
damage to the microvasculature leading to enhanced vascular permeability (9). These
properties may explain both the high levels of I in all tissues and increased uptake of the
negative control in infarcted myocardium.

Unfortunately, the hearts from two animals injected with *"’Lu/*?°I-AIbACPP-PEG-Palm, did
not contain an infarct. Therefore, more experiments are needed to discuss the biodistribution
of this particular probe in the MI-heart.
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The in vivo biodistribution experiments further demonstrated high liver uptake of AIbACPP-
PEG-Palm, while AIbACPP-PEG-DOCA showed strong accumulation in the kidneys. Both
palmitic acid and bile acids such as deoxycholic acid are known to be efficiently taken up by
hepatocytes (24-26). The observed discrepancy might be caused by the conjugation of a
relatively large ACPP peptide to the albumin ligands. It has been suggested that bile acid
transporters display a strongly reduced efficiency in cellular uptake of bile acid - peptide
conjugates containing more than five amino acids (22), which may explain the reduced liver
uptake of AIbACPP-PEG-DOCA. Alternatively, in its albumin unbound form, the probes are
expected to be filtered from the circulation by the kidneys. The higher unbound probe
fraction for AIbACPP-PEG-DOCA compared to AIbACPP-PEG-Palm may suggest a more
effective kidney uptake/excretion of this probe.

Conclusion

The circulation time of ACPP peptide probes was efficiently enhanced via in vivo protein
binding using the albumin ligands deoxycholic acid or palmitic acid. In vitro experiments
demonstrated a reduced protease sensitivity for AIbACPP-PEG-Palm, but not for AIbACPP-
PEG-DOCA compared to the parent dACPP probe. Despite the increased circulation time,
biodistribution in MI-hearts did not show improvements for AIbACPP-PEG-DOCA compared to
dACPP. Therefore, dACPP, characterized by a short circulation time, is favored over AIbACPPs
for imaging studies.
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Materials and methods

Materials

All reagents and solvents were obtained from commercial sources (Sigma-Aldrich, and Biosolve)
and used without further purification. 9-fluorenylmethyloxycarbonyl (Fmoc)-protected amino acids
and Rink amide resin were purchased from either Novabiochem (Merck) or Iris Biotech. DOTA
succinimidyl ester was obtained from Macrocyclics. Human recombinant MMP-2 was purchased
from Calbiochem (Merck).
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DCC, THF
Ho™"

Scheme 4.1: Synthesis of deoxycholate succinimidy! ester

Synthesis of deoxycholate succinimidyl ester (Scheme 4.1).

Deoxycholate (1.0 g, 2.54 mmol) and N-Hydroxysuccinimide (292 mg, 2.54 mmol) were dissolved
in anhydrous Tetrahydrofuran (THF, 50 mL) and N,N’-Dicyclohexylcarbodiimide (DCC, 520 mg,
2.54 mmol) was added at 4 °C and stirred for 30 min. The mixture was subsequently reacted at
room temperature for 20h under nitrogen, after which the precipitated dicyclohexylurea was
removed by filtration. Deoxycholate succinimidyl ester (DOCA-NHS) was obtained by flash silica gel
column chromatography of the filtrate in a yield of 68% (850 mg, 1.74 mmol) and stored at -20 °C
under nitrogen.

Probe synthesis

Peptides Fmoc-e*-eg-x-PLGLAG-rg-x-k(Mtt)-resin, Fmoc-e*-PEGg-k(Boc)-eg-x-PLGLAG-ro-x-k(Mtt)-
resin, and Fmoc-e*-PEGg-k(Boc)-eg-x-LALGPG-rg-x-k(Mtt)-resin were synthesized on an automatic
synthesizer (Prelude, Protein Technologies Inc.) by Fmoc solid-phase peptide synthesis (SPPS)
using Rink amide resin (0.1 mmol), HBTU as the activating reagent, and N,N-
Diisopropylethylamine (DIPEA) as base. D-amino acids are denoted in lower case, x represents 6-
aminohexanoic acid, and Fmoc-d-Glu-OtBu was used as building block for e*. The peptides were
splitted 50%:50%, incubated in 20% piperidine for 2x 5 min to remove the N-terminal Fmoc and
subsequently reacted with Palmitic acid-NHS (3.0 equiv) and DOCA-NHS (3.0 equiv), respectively,
in NMP overnight in the presence of DIPEA. The Mtt protecting group was selectively removed by
incubating the peptides on resin with 1.8% v/v trifluoroacetic acid (TFA) in dichloromethane with
2.0% v/v tri-isopropylsilane (TIS) as scavenger for 10 x 3 min after which DOTA succinimidyl ester
(4.0 equiv) in NMP was added to the peptide resins and was reacted for 1.5h in the presence of
DIPEA. The peptides were cleaved from the resin by a mixture of 96.0% v/v trifluoroacetic acid
(TFA), 2.0% v/v tri-isopropyl silane (TIS), and 2.0% v/v MilliQ (Millipore) water for 4h, filtered,
and precipitated in ice cold diethylether. The peptide pellets were dissolved in MilliQ water and
purified by preparative reversed-phase high pressure liquid chromatography (RP-HPLC) using an
Agilent 1200 apparatus, equipped with a C18 Zorbax column (length = 150 mm, diameter = 21.2
mm, particle size = 5.0 um). The UV wavelength was preset at 210 and 254 nm. All peptides
structures were analyzed by LC-MS on an Agilent 1200 apparatus, equipped with a C18 Eclipse
plus-column (length = 100 mm, diameter = 2.1 mm, particle size = 3.5 pm) and an electrospray
mass spectrometer (Agilent Technologies 6210, Time-of-Flight LC/MS). Peptides DOCA-e*-PEGg-k-
€9-X-PLGLAG-rgo-x-k(DOTA)-NH,, DOCA-e*-PEGg-k-e9-x-LALGPG-ro-x-k(DOTA)-NH,, Palm-e*-PEGs-
k-e9-x-PLGLAG-rg-x-k(DOTA)-NH,, and Palm-e*-PEGe-k-e9-x-LALGPG-ro-x-k(DOTA)-NH, were
reacted with 3-(4-hydroxyphenyl)propionic acid (SHPP) N-hydroxysuccinimide ester (10 equiv) in
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DMF in the presence of DIPEA overnight, after which the peptides were purified by RP-HPLC, and
analyzed by LC-MS.

Found masses: 4335.4 Da for DOCA-e*-eg-x-PLGLAG-r9-x-k(DOTA)-NH, (AIbACPP-DOCA, Calcd.
4335.4 Da), 4946.8 Da for DOCA-e*-PEGg-k(SHPP)-eg-x-PLGLAG-r9-x-k(DOTA)-NH, (AIbACPP-
PEG-DOCA, Calcd. 4946.7 Da, 2.7 pmol), 4946.8 Da for DOCA-e*-PEGe-k(SHPP)-eg-x-LALGPG-rg-
x-k(DOTA)-NH; (non-AIbACPP-PEG-DOCA, Calcd. 4946.7 Da, 2.0 umol), 4199.4 Da for Palm-e*-es-
X-PLGLAG-ro-x-k(DOTA)-NH, (ACPP-Palm, Calcd. 4199.3 Da), 4810.8 Da for Palm-e*-PEGg-
k(SHPP)-e9-x-PLGLAG-r9-x-k(DOTA)-NH, (AIbACPP-PEG-Palm, Calcd. 4810.7 Da, 5.4 umol), and
4810.8 Da for Palm-e*-PEGg-k(SHPP)-e9-x-LALGPG-ro-x-k(DOTA)-NH, (non-AlbACPP-PEG-Palm,
Calcd. 4810.7 Da, 4.7 pmol).

Animal studies

All animal procedures were approved by the ethical review committee of the Maastricht University
Hospital (The Netherlands), and were performed according to the principles of laboratory animal
care (NIH publication 85-23, revised 1985) (27), and the Dutch national law “Wet op Dierproeven”
(Stb 1985, 336). Male Swiss mice (body weight >25g, Charles River Labs) were housed in an
enriched environment under standard conditions: 21-23 °C, 50-60% humidity, and 12h-lightdark-
cycles for >1 week. Food and water were freely available.

Myocardial infarction (MI) model

MI was induced by permanent ligation of the left anterior descending coronary artery (LAD) using
published procedures (28). In short, animals were subcutaneously injected with buprenorphine
(0.1 mg/kg) and 30 min later anesthetized with isoflurane. Animals were intubated and ventilated
with 100% oxygen with a rodent respirator. After left thoracotomy between ribs four and five, the
LAD was ligated with a 6-0 prolene suture. The chest and skin were closed with 5-0 silk sutures.
The animal's temperature was continuously measured rectally and maintained at 36.5-37.5 °C
during surgery. After surgery, animals were allowed to recover at 30 °C overnight. 11 days post
myocardial infarction, the animals were used for in vivo studies.

Radiolabeling

For in vitro studies: ”’LuCl; (PerkinElmer) in 0.05 M HCl (2.0 pL, 10.0 MBq) was mixed with
dACPP, AIbACPP-PEG-DOCA, AIbACPP-PEG-Palm, AIbACPP-DOCA, or AIbACPP-Palm in MilliQ water
(~3.0 yL, 23 nmol) and metal-free 0.9% NaCl for 20 min at 600 rpm and 90°C (final volume 80.0
uL). For in vivo studies: Y”’LuClz in 0.05 M HCI (3.0 L, 15.0 MBq) was mixed with AIbACPP-PEG-
DOCA, AIbACPP-PEG-Palm, non-AlbACPP-PEG-DOCA, or non-AlbACPP-PEG-Palm in MilliQ water (2.4
pL, 15 nmol) and metal-free 0.9% NaCl (144.6 pL) for 20 min at 600 rpm and 90°C. !*°I
(PerkinElmer) in 1 mM NaOH (3.0 pL, 6.0 MBq) was mixed with AIbACPP-PEG-DOCA, AlbACPP-PEG-
Palm, non-AlIbACPP-PEG-DOCA, or non-AlbACPP-PEG-Palm in MilliQ water (2.4 pL, 15 nmol) and
PBS (144.6 pL) in an IODOGEN iodination tube for 20 min at 600 rpm and 23°C and transferred to
a siliconized 1.5-mL tube. The ”7Lu and !?°I labeling yields were determined by radio-thin layer
chromatography, using instant thin-layer chromatography silica gel strips (Pall) eluted with 200
mM EDTA in 0.9% NaCl and 20 mM citric acid at pH 5.2, respectively, and imaged on a phosphor
imager (FLA-7000; Fujifilm) and quantified with AIDA Image Analyzer software. Analytic radio-
HPLC was performed on an Agilent 1100 system equipped with a C18 Eclipse XBD column (length
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= 150 mm, diameter = 4.6 mm, particle size = 5.0 um) and a Gabi radioactive detector (Raytest).
The radiochemical purities were 95% or higher. The ”’Lu-labeled peptides were mixed with the
1251_|abeled peptides in a 1:1 molar ratio.

In vitro MMP-2 sensitivity in presence of human serum albumin

177 u-dACPP, 77 Lu-AlbACPP-PEG-DOCA, 7’Lu-AIbACPP-DOCA, '77Lu-AlbACPP-PEG-Palm, and '7’Lu-
AIbACPP-Palm (21.8 pL) were mixed in triplicate with 5.0% w/v human serum albumin, 50 mM
Tris, 200 mM NaCl, 10 mM CaCl; and 10 uM ZnCl; (225 pL) at pH 7.5 at 600 rpm and 37 °C. After
20 min, 3.2 pL human recombinant MMP-2 was added (final conditions: 25.0 uM peptide, 18.0 nM
MMP-2, 4.5% w/v HSA (0.67 mM) in 250 uL). At seven different time points (4, 8, 15, 30, 60, 120,
and 245 min) 28 pL of the reaction mixtures was incubated with 2.0 yL GM6001 (from 50 mM
stock in DMSO) to block MMP-2 activity, and subsequently analyzed by y-HPLC to determine the
percentage cleaved peptide.

Because of the >25-fold lower concentrations of the AIbACPP probes relative to HSA and the
presence of multiple binding sites per protein molecule (20,21), it was assumed that the binding
capacity of albumin was far from saturated. Therefore, the unbound probe fraction, a, was
calculated from a = 1/(1 + C, - K;), where C; is the total concentration of albumin and K, is the
equilibrium binding constant (14,15).

Blood kinetic measurements and biodistribution experiments

Blood kinetic and biodistribution experiments were performed on MI-mice by i.v.-injection of
Y77Lu/*%1-dACPP (n=3), 77Lu/*?°1-AIbACPP-PEG-DOCA (n=3), 7Lu/*?*I-AIbACPP-PEG-Palm (n=3),
177Lu/**5I-non-AIbACPP-PEG-DOCA  (n=2), or 7Lu/*®I-non-AIbACPP-PEG-Palm (n=2) (10
nmol/100 pL, ca. 5.0 MBq *"’Lu, ca. 2.0 MBq '%°I). At selected time points (2, 5, 10, 30, 60, and
150 min for dACPP, and 4, 10, 30, 60, 180, and 360 min for the other probes), blood samples were
withdrawn from the vena saphena, weighed, and diluted to 1 mL with MilliQ water. The mice were
anesthetized with isoflurane 5h or 50h after i.v.-injection, subjected to 2% (w/v) Evans Blue i.v.-
injection (50 mg/kg) and sacrificed 2 min later by cervical dislocation. Organs and tissues of
interest were harvested and weighed, after which the radioactivity of the samples was measured in
a y-counter (Wizard 1480; PerkinElmer) along with standards to determine the injected dose per
gram (%ID/g). The energy windows were set to 10-80 keV for '?°I and 155-380 keV for ”’Lu. The
blood clearance data was fitted to a 2-phase exponential decay: Y = span; - exp(-Ky + X) + span; -
exp(-K; - X) + Plateau using GraphPad Prism. The area under the curve (AUC) was determined for
the fitted *”’Lu blood kinetic profiles for all probes. The half-lives, the time points at which the AUC
reaches 50% of the total AUC, was subsequently derived using MatLab. The volume of distribution
per probe was calculated using the formula Vp = dose/(mean body weight - Cy) [L/kg]. Because of
the ~100-fold lower concentrations of AIbACPP-PEG-Palm and AIbACPP-PEG-DOCA (~3-4 uM)
relative to mouse serum albumin (0.4 mM (29)) and the presence of multiple binding sites per
protein molecule (19,20), it was assumed that the binding capacity of albumin was far from
saturated. Therefore, the unbound probe fraction, a, was calculated from a = 1/(1 + C; - Ky),
where C, is the total concentration of albumin and Kj is the equilibrium binding constant (14,15).
The hearts were cooled to 4 °C, cut in 1 mm slices from apex to base. Infarct, border, and remote
areas were isolated based on Evans Blue staining, and %ID/g for **°I and *"’Lu was determined by
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a y-counter. The hearts from two animals injected with 77Lu/'?*I-AIbACPP-PEG-Palm, did not
contain an infarct, but only a local infection area, as was assessed by ex vivo analysis.

Sample preparation, tissue homogenates.

After y-counting, tissue samples were homogenized in 20 volumes of 50 mM Tris, 200 mM NacCl,
10 mM CaCly, and 10 uM ZnCl; at pH 7.5 at 4 °C at 25 Hz for 2 x 5 min and subsequently mixed at
5 Hz for 2 x 15 min using a tissue lyser (Qiagen), and then centrifuged at 5,000 rpm for 5 min at
4 °C. The supernatants were aliquoted and stored at -80 °C until zymography analysis. Typically,
14 L tissue supernatant (from 0.7 mg tissue homogenate) was used per analysis.

Gelatin zymography

Samples were analyzed on 10% SDS-PAGE gel containing 0.1% (w/v) gelatin (Biorad). MMP-2
(Calbiochem, Merck) (0.21 ng) was loaded as an internal standard used to normalize activities
between gels. Electrophoresis was performed at 150V for 1.5h, after which the gels were washed
with MilliQ water, incubated for 3 x 20 min in 2.5% Triton-X (50 rpm) to remove SDS, washed
with MilliQ water, and incubated in 50 mM Tris, 200 mM NaCl, 5 mM CaCl;, 0.1% (w/v) NaNs, and
0.02% (w/v) Brij-35 at pH 7.6 and 37 °C for 2 days. Gels were stained for 2h with 0.25%
Coomassie Blue in 60% (v/v) MilliQ water, 30% (v/v) Methanol, 10% (v/v) Acetic acid, and
destained for > 24h with 67.5% (v/v) MilliQ water, 25% (v/v) Methanol, 7.5% (v/v) Acetic acid.
Gelatinatic activity showed up as clear bands against a dark background. Zymograms were imaged
(Epson Perfection V700 Photo scanner) and band intensities were quantified using ImageJ.

Statistical methods

Quantitative data were expressed as mean + SD. The means of the groups were compared by the
parametric Welch’s t test. All tests were one-tailed, and P values of less than 0.05 indicate
significant differences. GraphPad Prism was used for all statistical calculations.
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Chapter 5

Development of radiolabeled matrix
metalloproteinase-14 activatable cell
penetrating peptides

Abstract

Matrix metalloproteinase-14 (MMP-14 or MT1-MMP) belongs to the membrane-type (MT)
MMP subfamily, and plays an important role in adverse cardiac remodelling. Here, we aimed
to develop radiolabeled activatable cell penetrating peptides (ACPP) sensitive to MMP-14 for
the detection of elevated MMP-14 levels in adverse cardiac remodelling. Three ACPP analogs
were synthesized and the most effective ACPP analog was selected using MMP-14 sensitivity
and enzyme specificity assays. This ACPP, called ACPP-14B, showed high sensitivity towards
MMP-14, soluble MMP-2, and MT2-MMP, while limited sensitivity was measured for other
members of the MMP family. In in vitro cell assays, radiolabeled ACPP-14B showed efficient
cellular uptake upon activation. A pilot in vivo study showed increased uptake of the
radiolabeled probe in regions of infarcted myocardium compared to remote myocardium.

Based on:

van Duijnhoven SMJ], Robillard MS, Nicolay K, and Grill H. Towards the molecular imaging of
transmembrane matrix metalloproteinases using activatable cell-penetrating peptides. In
preparation



Chapter 5

Introduction

The cell membrane-associated matrix metalloproteinase-14 (MMP-14 or MT1-MMP), a
member of the membrane-type (MT) MMP subfamily, is involved in several protein
modification and biological signaling pathways (1,2). Specifically, MMP-14 has been shown to
convert the MMP-2 pro-enzyme into its active form, thereby facilitating extracellular matrix
proteolysis (2,3). Furthermore, MMP-14 has been recognized to play an important role in the
profibrotic cascade by activation of the transforming growth factor-beta (TGF) pathway and
subsequent induction of fibrillar collagens (2,3). As such, MMP-14 is involved in a variety of
physiological, but also pathological tissue remodeling processes. For example in cancer,
MMP-14 plays a significant role in tumor growth and metastasis (4-6). In atherosclerosis,
MMP-14 is directly linked to pathogenesis of plaque vulnerability (7). Furthermore, MMP-14
expression and activity is increased in pressure overload hypertrophy and in left-ventricular
remodelling after cardiac ischemia-reperfusion injury or myocardial infarction, contributing to
cardiac dysfunction (2,8-11). In this respect, MMP-14 upregulation holds great promise as an
early biomarker for a variety of diseases. Several groups have reported on the development
and/or application of MMP-14 molecular imaging probes. MMP-14 probes based on binding to
the active site used peptide ligands or antibodies and were applied in near infrared
fluorescence imaging, magnetic resonance imaging, or SPECT imaging (12-15). Furthermore,
MMP-14 activatable molecular imaging probes have been developed for near infrared
fluorescence imaging and SPECT imaging. Spinale and coworkers used an MMP-14 specific
fluorogenic substrate for MMP-14 detection following cardiac ischemia-reperfusion injury
(2,8). Ouyang et al. developed a genetically encoded fluorescence resonance energy transfer
(FRET) imaging probe by flanking the MMP-14 cleavage domain in the pro-peptide sequence
of MMP-2 by the fluorescent proteins ECFP and YPet (16). This genetically encoded biosensor
was further optimized by employing an MMP-14 substrate, CRPAH-LRDSG, with enhanced
sensitivity for MMP-14 (17). Watkins et al. investigated the use of an MMP-14 activatable cell
penetrating peptide (ACPP) for SPECT imaging by inserting the MMP-14 peptide substrate
SGRIGF-LRTA between a radiolabeled polycationic and polyanionic peptide domain (18,19).
In the latter approach, in vitro activation was observed in cell cultures expressing MMP-14,
but a control cell line lacking MMP-14 expression also activated the probe, and therefore
MMP-14 selectivity could not be demonstrated. In vivo studies for this latter probe have not
been reported so far. In a recent study, the similar substrate GRIGF-LRTA was demonstrated
to possess high sensitivity for MMP-14, but also for the membrane-type matrix
metalloproteinases MMP-15 and MMP-16, while the sensitivity towards MMP-2 and MMP-9
was low (20). By flanking the substrate GRIGF-LRTA with a Cy-5.5 fluorescent dye and a
BHQ-3 quencher an organic FRET imaging probe was obtained, which was successfully used
for the in vivo detection of membrane-type matrix metalloproteinase activity by optical
imaging (20).

Here, we aimed to develop radiolabeled MMP-14 ACPPs by using three MMP-14 substrates
different from the study of Watkins and colleagues (Figs. 5.1 and 5.2). These substrates
include the MMP-14 cleavage domain in the pro-peptide sequence of MMP-2, CPKESCN-
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LFVLKD and the more MMP-14 sensitive CRPAH-LRDSG substrate, which previously have
been applied in the development of MMP-14 genetically encoded fluorescence resonance
energy transfer (FRET) probes (16,17). Furthermore, the peptide PLA-CnosWAR, which has
been successfully used in an organic FRET probe for the monitoring of MMP-14 in heart
disease, was employed as MMP-14-selective sequence (9). The polycationic and polyanionic
domains consisted of D-amino acids to avoid proteolytic degradation of these domains. The
cell penetrating peptide domain of the ACPPs was functionalized with a DOTA chelate to
enable radiolabeling with *”’Lu. A dual-isotope radiolabeled MMP-2/9 ACPP approach recently
showed valuable in the discrimination between intact and activated probe in in vivo
biodistribution studies (21). Accordingly, we set out to develop MMP-14 sensitive dual-
isotope radiolabeled ACPPs using the orthogonal radio-isotopes ’Lu and !*°I. To introduce
the radiolabel **°I in the polyanionic inhibitory domain, either a tyrosine was introduced in
the polyanionic inhibitory domain for direct radiolabeling, or '*I can be introduced
specifically to the N-terminus via coupling of a *?I labelled 3-(4-hydroxyphenyl)propionic
acid (SHPP) residue. The ACPPs were then studied for their MMP-14 sensitivity and specificity
(Fig. 5.2). The best performing ACPP was studied in vivo in a pilot study in a mouse model of
myocardial infarction.

polycation
+++++++++

MMP-14
substrate \ \ -----.-_-_.
polyanion

Figure 5.1: Schematic of an MMP-14 sensitive dual-isotope labeled activatable cell penetrating
peptide imaging probe.

Results

Probe synthesis

The peptides ACPP-14A, ACPP-14B, and ACPP-14C (Fig. 5.2) were successfully prepared by
Fmoc solid-phase peptide synthesis and in-solution coupling strategies, and purified by
reversed phase - HPLC. Liquid chromatography - mass spectrometry (LC-MS) analysis
demonstrated >95% pure peptides with molecular masses consistent to their theoretic
masses (Fig. 5.3).
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Figure 5.3: LC-MS characterization of (A) Ac-y-es-X-C PKESC'NLFVLKD-X-ro-dab(DOTA)-NH>
(ACPP-14A, obsd. 4951.4 Da, calcd. 4951.4 Da), (B) Ac-y-eo-X-CRPAHLRDSG-X-ro-k(DOTA)-NH-
(ACPP-14B, obsd. 4597.3 Da, calcd. 4597.3 Da), and (C) SHPP-e9-X-PLACmosWAR-X-rs-k(DOTA)-
NH, (ACPP-14C, obsd. 4209.1 Da, calcd. 4209.1 Da). The left and right graphs show the UV
absorbance chromatogram and the mass spectrum of the UV-peak bracketed by the arrowheads,
respectively.

MMP-14 sensitivity of ACPP-14 probes

The peptides ACPP-14A, ACPP-14B, and ACPP-14C (without SHPP functionality) were
screened for MMP-14 sensitivity by incubating the peptides (0.1 mM) with MMP-14 (0.13 uM)
for 60 min. For ACPP-14A, a small fraction (<5%) of the peptide was cleaved between the
asparagine and leucine residue (Fig. 5.4A). In contrast, ACPP-14B and ACPP-14C were
efficiently cleaved by MMP-14 (Figs. 5.4B and C). Due to the low MMP-14 sensitivity of ACPP-
14A, this peptide probe was excluded from further analysis.
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Figure 5.4: LC-MS characterization of ACPP-14A, ACPP-14B, and ACPP-14C (0.1 mM) incubated
with MMP-14 (0.13 uM) for 60 min. The left and right graphs show the UV absorbance
chromatogram and the mass spectra of the UV-peaks bracketed by the arrowheads, respectively.
(A) ACPP-14A; MS spectra of Neutralizing domain (obsd. 2244.8 Da, calcd. 2244.8 Da for Ac-y-eo-
X-C"PKESC"N-COOH), and CPP (obsd. 2724.7 Da, calcd. 2724.7 Da for HaN-LFVLKD-X-ro-
dab(DOTA)-NH;). (B) ACPP-14B; MS spectra of CPP (obsd. 2565.5 Da, calcd. 2565.5 Da for H>N-
LRDSG-X-ro-k(DOTA)-NH>), and Neutralizing domain (obsd. 2049.8 Da, calcd. 2049.8 Da for Ac-y-
e9-X-CRPAH-COOH). (C) ACPP-14C (without SHPP functionality); MS spectra of Neutralizing
domain (obsd. 1561.5 Da, calcd. 1561.5 Da for eqs-x-PLA-COOH), and CPP (obsd. 2517.4 Da, calcd.
2517.4 Da for HoN-CrmopsWAR-X-rs-k(DOTA)-NH>).

Enzyme specificity of ACPP-14B and ACPP-14C

ACPP-14B and ACPP-14C were incubated with twelve different enzymes, including the
soluble matrix metalloproteinases MMP-1, MMP-2, MMP-3, MMP-7, and MMP-9, and the
catalytic domains of the membrane-type matrix metalloproteinases MMP-14, MMP-15, and
MMP-16. The sensitivity of the probes was also tested for the catalytic domain of ADAM-17, a
desintegrin and metalloproteinase that is upregulated in heart failure. Finally, the sensitivity
was determined towards enzymes present in the circulation, i.e. urokinase, plasmin, and
thrombin. LC-MS analysis after 1h of incubation showed that ACPP-14B is efficiently cleaved
between the histidine and leucine residue by MMP-2, MMP-14, and MMP-16. The other
members of the MMP family effected minor degradation of ACPP-14B, while negligible
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cleavage was observed for ADAM-17 and no cleavage was observed for thrombin, plasmin,
and urokinase (Fig. 5.5A). ACPP-14C was efficiently cleaved, between the alanine and Cmopb
residue, by MMP-1, MMP-14, MMP-15, MMP-16, and to a modest extent by MMP-2, -3, -7,
and -9, while no ACPP-14C cleavage was observed for ADAM-17, thrombin, plasmin, and
urokinase (Fig. 5.5B). In conclusion, both ACPP-14B and ACPP-14C showed improved
membrane-type MMP specificity compared to the MMP-2/9 dACPP probe described in Chapter
2 (Fig. 2.5B). ACPP-14B was selected for further in vitro and in vivo analysis as it showed
the most MMP-14 specificity.
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Figure 5.5: The percentage of released CPP from (A) ACPP-14B and (B) ACPP-14C (0.1 mM) after
1h incubation with twelve different enzymes (20 nM) in vitro. The experiments were performed in
triplicate and the data are presented as mean £ SD. Note: ACPP-14C was incubated with 67 nM
MMP-7 instead of 20 nM.

In vitro cell assay ACPP-14B

The uptake of ACPP-14B by HT-1080 cells was assessed by employing the same approach as
for the MMP-2/9 dACPP (Chapter 2). That means, the cellular uptake was compared between
radiolabeled pre-cleaved ”’Lu-ACPP-14B, uncleaved '”’Lu-ACPP-14B, a negative control and
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a positive control (Figs. 5.6 and 5.7). ’Lu-non-ACPP (Chapter 2), which showed no MMP-14
sensitivity, and ’’Lu-CPP-14B served as negative and positive control, respectively. CPP-14B
was obtained by MMP-14-mediated cleavage of ACPP-14B and subsequent isolation of the
polycationic domain by reversed phase-HPLC. After 3h incubation at 1.25 pM, the cellular
uptake of the activated '”’Lu-ACPP-14B was comparable to uptake of the positive control
Y77Lu-CPP-14B, and furthermore significantly higher with respect to uncleaved '”’Lu-ACPP-
14B, and *"’Lu-non-ACPP (Fig. 5.7). Although not significant, intact '”’Lu-ACPP-14B exhibited
a slightly higher uptake and retention compared to the negative control *’Lu-non-ACPP,
while this was not observed for ”’Lu-ACPP (Chapter 2).
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Figure 5.6: /TLC and y-HPLC spectra of (A) uncleaved ”’Lu-ACPP-14B and (B) ”’Lu-CPP-14B, and
(C) y-HPLC spectrum of pre-activated ”’Lu-ACPP-14B, showing >95% cleavage. Radiochemical
purities were >99% as assessed by ITLC. The upper panel shows the UV absorbance
chromatogram at 212 nm and the lower panel shows the y-radiation monitored by a y-detector.
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We continued to investigate if the modest uptake of ACPP-14B was mediated through
activation by membrane-type MMP-14 and MMP-16 expressed by HT-1080 cells (22).
Thereto, the negative control, intact ACPP-14B, and pre-cleaved ACPP-14B were subjected to
HT-1080 cell uptake experiments in the presence of a broad-spectrum MMP inhibitor,
GM6001. The presence of GM6001 did not affect the cellular uptake of ACPP-14B, and this
suggests no MT-MMP mediated activation (data not shown).
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Figure 5.7: Cellular uptake of *”’Lu-non-ACPP, uncleaved ”’Lu-ACPP-14B, pre-activated ”’Lu-
ACPP-14B, and ¥”’Lu-CPP-14B after 3h incubation with HT-1080 cells, assessed by y-counting.

In vivo biodistribution

An in vivo pilot study was performed to assess the in vivo biodistribution of ACPP-14B and
CPP-14B, 5h post-injection, in a mouse model of myocardial infarction (MI). For comparison
with the MMP-2/9 sensitive probe dACPP (Chapter 2), the biodistribution of this probe was
also determined under similar conditions. We aimed to characterize the in vivo
biodistribution of ACPP-14B using a dual-isotope approach with '”’Lu, labeled to the
polycationic domain, and '%°I, labeled to the polyanionic domain, as orthogonal radiolabels.
Although iodination of ACPP-14B resulted in efficient conjugation of %I to the peptide (Fig.
5.8), the oxidative conditions, needed for activation of '*’I, resulted in disulfide formation
between cysteine residues, resulting in peptide dimers (Fig. 5.9). An alternative approach,
activating '?°I in iodination tubes prior to conjugation to ACPP-14B under non-oxidative
conditions resulted in ~60% labeling. Unfortunately, a >95% radiochemical purity could not
be achieved by solid phase extraction (Fig. 5.8), and desalting strategies to remove %I
could not be applied due to the low molecular weight of the peptide.
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Figure 5.8: Radio-TLC analysis of %I jodination of ACPP-14B. (A) Direct iodination of ACPP-14B in
an iodination tube results in >95% radiochemical purity, but also in disulfide formation. (B) Prior
activation of *?°I and subsequent iodination in an siliconized tube resulted in ~60% labeling yields.
(C) iTLC results for solid phase extraction fractions of unpure ACPP-14B. Maximum obtained purity
was <90%.
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Figure 5.9: LC-MS characterization of ACPP-14B incubated in PBS in an iodination tube for 5
minutes in the absence of '?°I. The left and right graphs show the UV absorbance chromatogram
and the mass spectrum of the UV-peak bracketed by the arrowheads, respectively. Found mass
corresponded to the calculated mass of an ACPP-14B peptide dimer linked to each other via a
disulfide bridge.

Therefore, only the single isotope labeled probe ”’Lu-ACPP-14B was used in this pilot study.
The biodistribution studies in 10 day-old MI-mice revealed a higher uptake of both ACPP-14B
and CPP-14B in infarcted regions of the heart compared to remote myocardium (Fig. 5.10,
Table 5.1). The infarct-to-remote ratio for ACPP-14B seems to be higher compared to CPP-
14B (Fig. 5.10) and would suggest infarct-specific activation, but the difference was not
statistically significant due to the relatively high variation for ACPP-14B. Evaluation of dACPP
in the same mouse model demonstrated a higher uptake of dACPP in the infarcted heart
compared to ACPP-14B, but also in other tissues such as remote myocardium, muscle, lung,
spleen, and liver, while the accumulation of dACPP in kidney was lower compared to ACPP-
14B. These differences suggest a diminished background activation of ACPP-14B in the
vasculature compared to dACPP (Chapters 2 and 3), resulting in a lower retention of the
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activated probe in most tissues. Specifically, in Chapters 2 and 3 it was shown that the intact
probe is mainly trapped in the kidneys while the activated probe, CPP, shows a strong
uptake by liver and spleen and increased background uptake in basically all tissues. In
addition, the positive control "7Lu-CPP-14B showed a comparably high level of liver and
spleen uptake. The blood kinetic profile (Fig. 5.11) shows a rapid elimination of *’’Lu-ACPP-
14B from the circulation with a blood half-life of ~24 min, similar to dACPP (Fig. 4.5). The
calculated volume-of-distribution for ACPP-14B is 0.3 L/kg, which is also in the same range
as for dACPP, and indicates that the probe is rapidly distributed throughout the extracellular

extravascular space.

Table 5.1: Biodistribution results of 10 nmol *”’Lu-dACPP, *”’Lu-ACPP-14B, and *”’Lu-CPP-14B 5h
post-injection in MI mice (n=3). The data are mean %ID/g + SD.

77 u-dACPP 77| u-ACPP-14B 77| u-CPP-14B
Blood 0.09 % 0.03 0.09 % 0.03 0.14 % 0.08
Heart, infarct 3.60 £ 0.68 0.76 £ 0.04 1.78 £ 0.56
Heart, remote 0.35 £ 0.13 0.12 £ 0.02 0.37 £ 0.12
Muscle 0.48 £ 0.14 0.11 £ 0.09 0.10 £ 0.02
Lung 1.09 £ 0.30 0.42 £ 0.11 0.56 £ 0.21
Spleen 2.72 £ 1.48 0.73 £ 0.13 3.72 + 0.50
Liver 28.5 £ 5.33 6.41 +£ 1.03 31.3 £ 3.22
Kidney 59.9 £ 8.10 92.1 £ 7.26 10.3 + 1.75
Fat 0.33 £ 0.08 0.55 +£ 0.27 0.14 £+ 0.08
Thigh bone 2.47 £ 1.02 0.29 + 0.06 2.58 £ 0.15
Brain 0.02 + 0.00 0.01 + 0.01 0.01 % 0.00
A ACPP-14B B CPP-14B c
1.0 p < 0.001 _ 3.0+ p < 0.05 @
> — > e °
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Figure 5.10: Uptake of (A) 1”’Lu-ACPP-14B and (B) *”’Lu-CPP-14B in infarcted and remote areas

in MI-mice (n=3), 5h post-injection. (C) Infarct-to-remote ratios. The data are mean *+ SD.
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Figure 5.11: Blood kinetics of ’’Lu-ACPP-14B in MI-mice (n=3). The data are mean %ID/g + SD
and fitted to the 2-phase exponential decay function Y = span; - exp(-K; - X) + span; - exp(-Kz - X)
+ Plateau. Span; = 2.61 %ID/g, K; =1.99 min™, Span, = 7.35 %ID/g, K= 27.1 min™.

Discussion

Recently, we showed that the use of activatable cell penetrating imaging probes is a
promising strategy for the in vivo detection of proteolytic activity in myocardial remodeling.
Besides specific activation in infarcted heart tissue, the MMP-2/9 dACPP also showed a
considerable degree of activation in the vascular compartment, leading to background
uptake of the activated probe in basically all tissues. Therefore, the development of ACPPs
which are only activated in the tissue of interest by tissue-specific enzymes should be the
next step in optimization of the ACPP concept. The cell membrane-associated matrix
metalloproteinase-14 (MMP-14) has been identified to be such a tissue-specific target
showing increased activity and expression in myocardial remodeling in ischemia-reperfusion
injury or after myocardial infarction. For that reason, we focused on the development of an
MMP-14 ACPP. Three different MMP-14 substrates were inserted in the ACPP platform and
tested in vitro. Unfortunately, the first variant containing the MMP-14 cleavage site of pro-
MMP-2, ACPP-14A, showed a low sensitivity towards MMP-14. ACPP-14A analogs (the linear
variant, and a peptide probe lacking the 5-amino-3-oxapentanoic acid linker residues) were
also synthesized and tested for MMP-14 sensitivity, showing a similar low degree of
degradation (data not shown). Accordingly, a poor response of a genetically encoded MMP-
14 biosensor employing the same substrate was recently reported (17). The low MMP-14
sensitivity and the fact that ACPPs are expected to be cleared from the circulation relatively
fast (blood half-life times of <30 min) (23), does not hold much promise for significant
accumulation of ACPP-14A in MMP-14 expressing tissue, precluding in vivo imaging of MMP-
14 with this particular probe. Therefore, in-depth analysis of the MMP-14 specificity and in
vivo characteristics of ACPP-14A was not performed.

Two alternative MMP-14 ACPPs, containing the substrates CRPAH-LRDSG (ACPP-14B) and
PLACo,WAR (ACPP-14C) respectively, showed high sensitivity for MMP-14. Because MMP-14
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specificity was reported for the substrate PLACno,WAR concatenated between two
fluorophores, we were surprised to observe efficient cleavage of ACPP-14C by other MMPs
(8). Attachment of the relatively large and charged peptide domains may adversely have
affected the cleavage rate for MMP-14 in competition to other MMPs. Due to the broad MMP
sensitivity for both tissue-specific and soluble MMPs, ACPP-14C is most likely also activated
in the vascular compartment, and, as a result, represents at best only a marginal
improvement compared to the MMP-2/9 dACPP with respect to the specific targeting of
proteolytic activity involved in myocardial remodeling (Chapter 3).

ACPP-14B showed the highest specificity for tissue-specific MMPs, i.e. MMP-14 and MMP-16.
We continued to study ACPP-14B in a cell assay and subsequently, a small pilot study was
carried out to compare ACPP-14B with the MMP-2/9 sensitive probe dACPP in a mouse model
of myocardial infarction. In the cell assay, intact ACPP-14B seemed to show an increased
cellular uptake compared to the negative control non-ACPP. The cellular uptake of ACPP-14B
was not reduced in the presence of a broad MMP inhibitor, suggesting that there is no role
for transmembrane MMP-mediated activation of intact ACPP-14B. In these experiments, we
used the scrambled negative control for the MMP-2/9 ACPP (Chapter 2) that also showed no
MMP-14 sensitivity. However, the linkers for ACPP-14B and non-ACPP, O1Pen-CRPAHLRDSG-
O1Pen and Ahx-LALGPG respectively, are rather different. A major dissimilarity is that the
linker of non-ACPP consists solely of hydrophobic, non-polar amino acids, while the linker of
ACPP-14B contains mainly polar amino acids, including three positively charged residues. It
might be that the linker of ACPP-14B can interact with proteins/cells via hydrogen bonding
mediating some cellular retention. Another difference is that the linker of ACPP-14B consists
of 42 bonds versus 25 bonds for the linker in non-ACPP. Therefore, the effective molality
(EM) for ACPP-14B, 23 mM, is lower compared to non-ACPP, 49 mM (24), and may be
associated with a higher level of dissociation of the polycationic and polyanionic domain and
thus less efficient masking of the cell penetrating property of the polycationic peptide in
ACPP-14B. Yet, efficient intramolecular hairpin formation and subsequent masking of the cell
penetrating property is expected for both probes as the EMs are much higher than the 5.9
UM affinity between the polycationic and polyanionic domain (25).

In an in vivo pilot study in a mouse model of myocardial infarction, ACPP-14B was compared
with the MMP-2/9 sensitive dACPP. Earlier extensive studies exploring dACPP, non-dACPP,
and CPP, revealed that the activated domain of the dACPP imaging probe is efficiently taken
up by the liver, while the intact probe is accumulated in the kidney’s (Chapters 2 and 3).
These experiments showed that an extensive part of dACPP was activated in the vasculature.
Here, ACPP-14B was mainly accumulated in the kidneys and this suggests a diminished
activation of ACPP-14B in the vasculature, which may be explained by the difference in
sensitivity for circulating MMPs. We demonstrated that dACPP is sensitive towards the
soluble proteases MMP-2 and MMP-9 (Chapter 2), while ACPP-14B showed in vitro sensitivity
towards MMP-2, but not for MMP-9.

The retention of ACPP-14B, and CPP-14B in the infarcted areas of the heart was higher
compared to remote areas, which was also observed for dACPP and its controls (Chapter 3).
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Comparison of the infarct-to-remote ratio for ACPP-14B and CPP-14B showed an increased
ratio for ACPP-14B, suggesting local activation. However, the difference was not statistically
significant due to the relatively high variation for ACPP-14B. Extended biodistribution studies
and, in particular, dual-isotope studies would be valuable to verify if ACPP-14B probe
activation occurs in vivo and to specify the localization, with a special interest into infarcted
and remote areas of the heart. Such studies could further address the question if ACPP-14B
will out-perform dACPP in terms of specific targeting of infarcted myocardium. We aimed for
the dual-isotope approach in the reported pilot study by labeling ACPP-14B with both '"’Lu
and '%I. Although iodination of ACPP-14B resulted in efficient conjugation of %I to the
peptide, the oxidative conditions, needed for activation of %I, resulted in disulfide formation
between cysteine residues, resulting in peptide dimers. Therefore, re-design of the ACPP-14B
peptide structure, to prevent side-reactions during iodination, may enable dual-isotope
studies. Hereto, the cysteine residue can be acetylated, but oxidation of the sulfur atom may
still occur. Furthermore, this conversion results in a more hydrophobic residue that may
impact the MMP-14 sensitivity of the probe. Substitution of the cysteine by a serine residue
will possibly be a more attractive option.

Conclusion

We have successfully developed a series of radiolabeled activatable cell penetrating peptides
(ACPP) sensitive to MMP-14. The most effective ACPP analog, ACPP-14B, was selected by
MMP-14 sensitivity and enzyme specificity assays. In in vitro cell assays, this radiolabeled
ACPP showed efficient cellular uptake upon activation. Furthermore, the level of in vivo
background activation in the vasculature was decreased compared to an earlier well-studied
MMP-2/9 ACPP probe, while an increased uptake in infarcted heart tissue was observed
compared to remote heart tissue, which warrants further research into the in vivo
biodistribution and behavior of ACPP-14B.
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Materials and methods

Materials

All reagents and solvents were obtained from commercial sources (Sigma-Aldrich, and Biosolve)
and used without further purification. 9-fluorenylmethyloxycarbonyl (Fmoc)-protected amino acids
and Rink amide resin were purchased from either Novabiochem (Merck) or Iris Biotech. DOTA
succinimidyl ester was obtained from Macrocyclics. Human recombinant enzymes were purchased
from Calbiochem (Merck), Sigma, or R&D Systems. The enzymes were activated according to
vendor’s protocols if needed.

Probe synthesis

Peptides Ac-y-eo-X-CPKESCNLFVLKD-X-ry9-dab(ivDde)-resin, Ac-y-eq-X-CRPAHLRDSG-X-rg-
k(ivDde)-resin, and Fmoc-eg-X-PLACmopWAR-X-rg-k(Mtt)-resin were synthesized on an automatic
synthesizer (Prelude, Protein Technologies Inc.) by Fmoc solid-phase peptide synthesis (SPPS)
using Chemmatrix rink amide resin (0.1 mmol), HBTU as the activating reagent, and N,N-
Diisopropylethyl amine (DIPEA) as base. D-amino acids are denoted in lower case. X and Cmob
represents 5-amino-3-oxapentanoic acid and 4-methoxybenzyl-L-cysteine, respectively. The ivDde
protecting group was selectively removed by incubating Ac-y-eg-X-CPKESCNLFVLKD-X-rg-
dab(ivDde)-resin, and Ac-y-eo-X-CRPAHLRDSG-X-ro-k(ivDde)-resin with 5.0% v/v hydrazine-
monohydrate in DMF for 10 x 3 min. The Mtt protecting group was selectively removed by
incubating Fmoc-eg-X-PLACmo,WAR-X-rg-k(Mtt)-resin with 1.8% v/v trifluoroacetic acid (TFA) in
dichloromethane with 2.0% v/v tri-isopropylsilane (TIS) as scavenger for 10 x 3 min. DOTA
succinimidyl ester (4.0 equiv) in NMP was added to the peptide resins and was reacted for 1h in
the presence of DIPEA. After Fmoc removal, the peptides were cleaved from the resin by a mixture
of 90.5% v/v trifluoroacetic acid (TFA), 2.0% v/v 1,2-ethanediol (EDT), 5.0% v/v tri-isopropyl
silane (TIS), and 2.5% v/v MilliQ (Millipore) water for 4h, filtered, and precipitated in ice cold
diethylether. The peptide pellets were dissolved in MilliQ water and purified by preparative
reversed-phase high pressure liquid chromatography (RP-HPLC) using an Agilent 1200 apparatus,
equipped with a C18 Zorbax column (length = 150 mm, diameter = 21.2 mm, particle size = 5.0
um). The elution gradient was set from 5 to 30% of buffer B (0.1% TFA in acetonitrile) over 100
min, where buffer A was 0.1% TFA in MilliQ (Millipore) water. The UV wavelength was preset at
210 and 254 nm. All peptides structures were analyzed by LC-MS on an Agilent 1200 apparatus,
equipped with a C18 Eclipse plus-column (length = 100 mm, diameter = 2.1 mm, particle size =
3.5 ym) and an electrospray mass spectrometer (Agilent Technologies 6210, Time-of-Flight
LC/MS). 80% of peptide Ac-y-eq-X-CPKESCNLFVLKD-X-rg-dab(DOTA)-NH, was cyclized at 50 rpm
in 15% v/v DMSO, 10% v/v acetonitrile, and 75% v/v MilliQ water for 3 days, purified by RP-HPLC,
and analyzed by LC-MS. The positive control of Ac-y-eg-X-CRPAHLRDSG-X-ro-k(DOTA)-NH, was
obtained by incubating this peptide (1.0 mM, 0.96 pmol) with 60 nM MMP-14 in a mixture of 50
mM Tris, 200 mM NaCl, 10 mM CaCl, and 10 pM ZnCl; at pH 7.5 at 700 rpm and 37 °C for 24h,
after which the polycationic domain was isolated by RP-HPLC, and analyzed by LC-MS. 50% of
peptide eg-X-PLAChoWAR-X-rg-k(DOTA)-NH, was reacted with 3-(4-hydroxyphenyl)propionic acid
(SHPP) N-hydroxysuccinimide ester (10 equiv) in DMF in the presence of DiPEA for 6h, after which
the peptide was purified by RP-HPLC, and analyzed by LC-MS.
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Found masses: 4953.4 Da for Ac-y-eq-X-CPKESCNLFVLKD-X-ro-dab(DOTA)-NH, (Calcd. 4953.4 Da,
2.2 umol), 4951.4 Da for Ac-y-eg-X-C PKESC*NLFVLKD-X-re-dab(DOTA)-NH, (ACPP-14A, Calcd.
4951.4 Da, 1.3 umol), 4597.3 Da for Ac-y-eo-X-CRPAHLRDSG-X-ro-k(DOTA)-NH, (ACPP-14B,
Calcd. 4597.3 Da, 3.4 ymol), 2565.5 Da for LRDSG-X-ro-k(DOTA)-NH, (CPP-14B, Calcd. 2565.5
Da, 0.62 pmol), 4061.2 Da for eg-X-PLACmosWAR-X-rg-k(DOTA)-NH, (Calcd. 4061.1 Da, 5.0 pmol),
and 4209.1 Da for SHPP-eg-X-PLAChosWAR-X-rg-k(DOTA)-NH, (ACPP-14C, Calcd. 4209.1 Da, 1.2
pmol).

Design consideration ACPP-14C

Initially ACPP-14C was synthesized on the solid phase with a tyrosine residue at the N-terminus.
Incubation of this peptide in PBS in a Pierce iodination tube (Thermo Scientific) resulted in
oxidation of the Cmop residue as was indicated by LC-MS (+16 Da, and +2*16 Da adducts were
observed). To prevent oxidation of Cmop, 12°I was intended to be introduced via an '*I-labeled
SHPP-N-hydroxysuccinimide ester residue.

MMP-14 sensitivity

ACPP-14A, ACPP-14B, and ACPP-14C (0.1 mM) were incubated with 15 nM MMP-14 in a mixture of
50 mM Tris, 200 mM NaCl, 10 mM CaCl, and 10 uM ZnCl, at pH 7.5 at 700 rpm and 37 °C. After
1h, the enzyme was quenched by the addition of TFA (10% v/v), and the reaction mixture was
analyzed by LC-MS.

Enzyme assay

ACPP-14B and ACPP-14C were incubated in triplicate with 20 nM of either human recombinant
MMP-1, MMP-2, MMP-3, MMP-7, MMP-9, MMP-14, MMP-15, MMP-16, ADAM-17, thrombin, plasmin,
or urokinase in a mixture of 50 mM Tris, 200 mM NaCl, 10 mM CaCl, and 10 yM ZnCl, at pH 7.5 at
700 rpm and 37 °C. After 1h, the enzymes were quenched by the addition of TFA (10% v/v) and
the reaction mixtures were analyzed by LC-MS. The formation of the activated cell penetrating
peptide domain was monitored and compared to a 100% cleaved reference sample.

Radiolabeling

For in vitro cell assay: *’’LuCls (PerkinElmer) in 0.05 M HCl (2.0 uL, 4.0 MBq) was mixed with
ACPP-14B, non-ACPP, or CPP-14B in MilliQ water (2.69-4.60 uL, 20.0 nmol), and metal-free 0.9%
NaCl (final volume 100 pL) for 20 min, at 600 rpm and 90 °C.

For in vivo studies: *”7LuCl; in 0.05 M HCI (6.0 pL, 18.0 MBq) was mixed with ACPP-14B or CPP-
14B in MilliQ water (10.4 pL, 45 nmol), and metal-free 0.9% NaCl (433.6 pL) for 20 min, at 600
rpm and 90 °C. The ”’Lu labelling yields were determined by radio-TLC, using iTLC-SG strips (Pall)
eluted with 200 mM EDTA in 0.9% NaCl, imaged on a phosphor imager (FLA-7000, Fujifiim) and
quantified with AIDA Image Analyzer software. Analytical radio-HPLC was carried out on an Agilent
1100 system equipped with a C18 Eclipse XBD-column (length = 150 mm, diameter = 4.6 mm,
particle size = 5.0 um) and a Gabi radioactive detector (Raytest). The radiochemical purities were
95% or higher, and typically at least 98%. The labeling of dACPP has been described in Chapter 3.
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Cell culture

HT-1080 fibrosarcoma cells acquired from the American Type Culture Collection (ATCC) were
maintained under standard culture conditions in Eagle’s Minimal Essential Medium (MEM)
supplemented with 10% heat inactivated fetal bovine serum (Gibco), penicillin (100 U/mL),
streptomycin (100 pg/mL), and 2 mM Glutamax (Gibco).

In vitro cell incubation with radiolabeled ACPP probes

177Lu-ACPP-14B (50 uM) was activated prior to cell incubation with recombinant human MMP-14
(100 nM) for 2h in 50 mM Tris, 200 mM NaCl, 10 mM CaCl, and 10 uM ZnCl, at pH 7.5, as was
assessed by RP-HPLC. HT-1080 cells were cultured in 12-well plates. At 95% confluency, cells were
washed with Dulbecco’s PBS (Gibco) and subsequently incubated in triplicate with 1.25 uyM 7Lu-
non-ACPP, 1.25 uM uncleaved ’’Lu-ACPP-14B, 1.25 uM pre-cleaved ”’Lu-ACPP-14B, and 1.25 uM
177L.u-CPP-14B (0.25 MBq "’Lu) respectively in serum-free medium (1 mL). After 3h of incubation,
cells were washed 3x with Dulbecco’s PBS and harvested by trypsination (0.25% w/v trypsin-EDTA
(Gibco)). The trypsin activity was inhibited by addition of MEM, after which the cells were isolated
by centrifugation (1,000 rpm, 5 min, RT). Cell pellets and all wash fractions were analyzed for
Y77y radioactivity (115-270 keV) by a y-counter (Wizard 1480, PerkinElmer).

MMP blocking study: HT-1080 cells were cultured in 12-well plates. At 95% confluency, cells were
washed with Dulbecco’s PBS (Gibco) and subsequently incubated (n=4) with 1.25 pM ”’Lu-non-
ACPP, 1.25 pM Y7Lu-ACPP-14B, and 1.25 uM pre-cleaved '’’Lu-ACPP-14B, respectively in serum-
free medium (1 mL) containing 50 yM GM6001. After 4h of incubation, cells were washed 3x with
Dulbecco’s PBS and harvested by trypsination (0.25% w/v trypsin-EDTA (Gibco)). The trypsin
activity was inhibited by addition of MEM, after which the cells were isolated by centrifugation
(1,000 rpm, 5 min, RT). Cell pellets and all wash fractions were analyzed for ’’Lu radioactivity
(115-270 keV) by a y-counter.

Animal studies

All animal procedures were approved by the ethical review committee of the Maastricht University
Hospital (The Netherlands), and were performed according to the principles of laboratory animal
care (NIH publication 85-23, revised 1985) (26), and the Dutch national law “Wet op Dierproeven”
(Stb 1985, 336). Male Swiss mice (body weight >25g, Charles River Labs) were housed in an
enriched environment under standard conditions: 21-23 °C, 50-60% humidity, and 12h-lightdark-
cycles for >1 week. Food and water were freely available. 10 days post myocardial infarction, the
animals wer used for in vivo studies.

Mouse model of myocardial infarction (MI)

MI was induced by permanent ligation of the left anterior descending coronary artery (LAD) using
published procedures (27). In short, animals were subcutaneously injected with buprenorphine
(0.1 mg/kg) and 30 min later anesthetized with isoflurane. Animals were intubated and ventilated
with 100% oxygen with a rodent respirator. After left thoracotomy between ribs four and five, the
LAD was ligated with a 6-0 prolene suture. The chest and skin were closed with 5-0 silk sutures.
The animal's temperature was continuously measured rectally and maintained at 36.5-37.5 °C
during surgery. After surgery, animals were allowed to recover at 30 °C overnight.
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Blood kinetics and Biodistribution

Biodistribution experiments were performed on MI-mice (n=3 per probe) by i.v.-injection of *”’Lu-
dACPP (10 nmol/100 pL, ca. 4.0 MBq *"’Lu), Y”’Lu-ACPP-14B (10 nmol/100 pL, ca. 4.0 MBq ”’Lu),
or Y77Lu-CPP-14B (10 nmol/100 pL, ca. 4.0 MBq '”’Lu). For animals injected with 7”Lu-ACPP-14B,
blood samples were withdrawn from the vena saphena at selected time points (3, 9, 27, and 81
min), weighed, and diluted to 1 mL with MilliQ water. The mice were anesthetized with isoflurane
5h after i.v.-injection, subjected to 2% (w/v) Evans Blue i.v.-injection (50 mg/kg) and sacrificed 2
min later by cervical dislocation. Organs and tissues of interest were harvested and weighed, after
which the radioactivity of the samples was measured in a y-counter (Wizard 1480; PerkinElmer)
along with standards to determine the injected dose per gram (%ID/g). The energy window was
set to 155-380 keV for Y”’Lu. The average probe concentration at time 0 (Co) was calculated by
fitting the blood clearance data to the 2-phase exponential decay function Y = span; - exp(-Kj + X)
+ span; - exp(-Kz - X) + Plateau using GraphPad Prism. The area under the curve (AUC) was
determined and the blood half-life, the time point at which the AUC reaches 50% of the total AUC,
was subsequently derived using MatLab. The average volume of distribution was calculated using
the formula Vp = dose/(mean body weight - Cp) [L/kg]. The hearts were cooled to 4 °C, cut in 1
mm slices from apex to base. Infarct, border, and remote areas were isolated based on Evans Blue
staining, and %ID/g for ’’Lu was determined by a y-counter.

Iodination strategies

Direct labeling in iodination tube: ?°1 (PerkinElmer) in PBS (6.0 pL, 11.5 MBq) was mixed with
ACPP-14B in MilliQ water (10.4 uL, 45 nmol), and PBS (433.6 pL) in an Iodogen iodination tube
(Pierce) for 20 min, at 600 rpm and 23 °C, and transferred to a siliconized 1.5 mL tube. The !%°I
labeling yield was determined by radio-TLC, using iTLC-SG strips eluted with 20 mM citric acid at
pH 5.2. A >95% radiochemical purity was observed. As control, ACPP-14B in MilliQ water (10.4 pL,
45 nmol) was mixed with PBS (433.6 pL) in an Iodogen iodination tube for 5 min, at 600 rpm and
23 °C, followed by LC-MS analysis. Found mass: 9197.7 Da, Calc. MW: 9197.8 Da for ACPP-14B
peptide dimer.

Indirect labeling: **1 (PerkinElmer) in PBS (439.6 pL, 11.5 MBq) was activated in an Iodogen
iodination tube for 7 min according to vendor’s protocol, and transferred to a siliconized 1.5 mL
tube containing ACPP-14B in MilliQ water (10.4 pL, 45 nmol) and mixed for 20 minutes. As control
PBS incubated in an Iodogen iodination tube for 7 min was transferred to a siliconized 1.5 mL tube
containing ACPP-14B in MilliQ water (10.4 pL, 45 nmol), and mixed for 20 minutes, followed by LC-
MS analysis. Found mass: 4597.3 Da, Calc. mass: 4597.3 Da for ACPP-14B.

For this indirect labeling procedure, a ~60% labeling yield was typically observed by radio-TLC as
described before. Unpure %°I-ACPP-14B, mixed with 500 uL 0.1% TFA in MilliQ, was purified by
solid phase extraction on a light Cg Sep-Pak cartridge (Waters). Unfortunately, a >95%
radiochemical purity could not be achieved. In detail, the cartridge was washed with 5x1 mL 0.1%
TFA in MilliQ after peptide loading. Subsequently, the cartridge was washed with 1 mL 20% EtOH
in MilliQ, 1 mL 30% EtOH in MilliQ, 1 mL 50% EtOH in MilliQ, 1 mL 70% EtOH in MilliQ, and 1 mL
96% EtOH in MilliQ. All solutions contained 0.1% TFA. Radioactivity (in MBq) of all fractions was
determined, followed by radiochemical purity analysis of fractions of interest using radio-TLC.
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Statistical methods

Quantitative data were expressed as mean = SD. The means of the groups were compared by the
parametric Welch’s t test. All tests were one-tailed, and P values of less than 0.05 indicate
significant differences. GraphPad Prism was used for all statistical calculations.
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Chapter 6

Development of a radiolabeled cell penetrating
peptide activatable by angiotensin converting
enzyme

Abstract

Angiotensin converting enzyme (ACE) plays an important role in adverse cardiac
remodelling. Here, we aimed to develop a radiolabeled activatable cell penetrating peptide
(ACPP) sensitive to the dipeptidyl-carboxypeptidase ACE for the future detection of elevated
ACE levels in cardiac remodelling. Computational chemistry approaches were applied to
assist in the design of ACE-sensitive ACPPs. Unfortunately, the tested ACPPs were not
cleaved by ACE.
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Introduction

The dipeptidyl carboxypeptidase angiotensin converting enzyme (ACE) is a component of the
renin-angiotensin system (RAS), a key regulator of blood pressure and fluid and electrolyte
homeostasis (1). The main function of ACE is the degradation of Angiotensin I to the
biologically active peptide Angiotensin II. Angiotensin II interacts with the Angiotensin II
type 1 receptor, thereby mediating a wide variety of biological effects, including
vasoconstriction and hypertrophy of the heart vessel (2). ACE is primarily present as a
transmembrane protein on the endothelium, epithelium, and sarcolemma (1,3). However, a
soluble form is present in plasma as a result of proteolytic shedding of ACE (1).
Nevertheless, the tissue ACE activity, but not circulating ACE activity, has been indicated to
be responsible for all the essential physiological effects (4). Under normal physiological
conditions the lungs are the main site of ACE expression (5). However in the presence of
cardiovascular abnormalities, the heart is the predominant organ of ACE expression (6,7).
Upregulated heart-associated ACE activity has been observed in the early and late phases of
cardiac remodeling in near-to-all cardiovascular diseases, including hypertension,
atherosclerosis, myocardial infarction, heart failure, and diabetes and has a potent adverse
effect on the heart and the cardiovascular system (8-14). Blocking of ACE by administration
of ACE inhibitors has proven to be beneficial in these cardiovascular diseases in most
patients (15-21). However, not all patients do benefit from ACE inhibitors, and some of
these patients suffered from adverse effects of the therapy (22). Molecular imaging of ACE
has been proposed as a valuable method to monitor cardiac remodeling and help clinicians to
predict which patients will benefit from ACE inhibitor therapies (7,23,24). Several
radiolabeled ACE inhibitors for nuclear imaging purposes have been developed in recent
years (25-28). These imaging probes have been successfully applied in the in vivo imaging
of organs with high ACE concentrations under normal physiological conditions (25,27).
Furthermore, a first ex vivo study showed great promise for the detection of ACE in infarcted
and non-infarcted segments of the heart (28). In addition, fluorescence resonance energy
transfer (FRET) ACE-activatable molecular imaging probes have been developed, mainly for
application in in vitro bioassay screens for drug development (29). Here, we aimed to
develop a radiolabeled ACE activatable cell penetrating peptide (ACPP) for molecular imaging
of ACE activity (Fig. 6.1).

In contrast to the substrates applied in ACPPs for the endopeptidase MMP-2/9, and MMP-14,
discussed in the previous chapters, the substrate for a dipeptidyl-carboxypeptidase ACE
ACPP cannot be inserted between the cell penetrating peptide and neutralizing domain in a
linear fashion, because ACE is requiring a C-terminal carboxylic acid group for recognition. In
a commercially available ACE FRET probes, a fluorophore was conjugated to the e-amino
group of a lysine residue present at the C-terminus in the ACE substrate RPPGFSA-FK-OH
(29). In our approach, the same peptide substrate was used for the development of proof-
of-concept ACE ACPPs. The polyanionic neutralizing domain was connected to the g-amino
group of the lysine, leaving the C-terminal carboxylic acid intact. The polycationic CPP
domain was conjugated to the N-terminus of the ACE-substrate (Fig. 6.1). The ACE catalytic
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pocket is deeply embedded in the interior of the enzyme, with only a narrow cleft giving
access from two sides. Because of this, the question arises whether an ACE substrate
functionalized with the hybridized polycationic and polyanionic domain can enter the active
site. It may be necessary to use linker residues between the ACE substrate and the
polycationic and polyanionic domains for more flexibility and spacing. In a first experiment, it
was assessed if conjugation of polyethylene glycol (PEG) to the C-terminal lysine of the ACE
substrate affects the ACE cleavage rate. Then, molecular dynamics simulations were
performed in which the ACE substrate was combined with several linkers to identify
substrate-linker domains for application in an ACE ACPP. Three different ACE ACPPs were
designed, synthesized, and screened in vitro.
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Figure 6.1: Mechanism and structure of (dual isotope) radiolabeled ACE activatable ACPPs. (A)
The cell penetrating property of a polycationic peptide is masked by a polyanionic peptide, which is
conjugated to the e-amino group of the C-terminal lysine of the ACE substrate. Cleavage of the
substrate by ACE releases the polycationic cell penetrating peptide, which will transfer the radio-
isotope 1”’Lu across the cell membrane, while the polyanionic domain together with the radio-
isotope 2°I will be cleared by the kidneys.
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Results

ACE sensitivity of Ac-RPPGFSA—FK(PEGsg)-OH

A PEGg functionalized analog, Ac-RPPGFSAFK(PEGsg)-OH, of the commercially available ACE-
sensitive FRET probe Mca-RPPGFSAFK(Dnp)-OH was successfully prepared by Fmoc solid-
phase peptide synthesis and purified by reversed phase - HPLC (Fig. 6.2). Liquid
chromatography - mass spectrometry (LC-MS) analysis demonstrated a >95% pure peptide
with a molecular mass consistent to its theoretical mass (Fig. 6.3A). Incubation of this
peptide (0.1 mM), as well as the FRET peptide Mca-RPPGFSAFK(Dnp)-OH, with ACE (3.0 nM)
yielded near-to-complete cleavage after 20 min and complete cleavage after 1h, indicating
efficient cleavage for both peptides (Fig. 6.3). This result suggests that PEG-linkers may be
useful for the development of an ACE ACPP.
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Figure 6.2: (A) Molecular structure of the FRET ACE probe Mca-RPPGFSAFK(Dnp)-OH. A
methoxycoumarin (MCA) fluorophore is present at the N-terminus and the e-amino group of the C-
terminal lysine bears the dinitrophenyl (Dnp) quencher. (B) Molecular structure of Ac-
RPPGFSAFK(PEGg)-OH. The arrow indicates the peptide bond that is expected to be cleaved by
ACE.
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Figure 6.3: LC-MS characterization of Ac-RPPGFSAFK(PEGg)-OH and Mca-RPPGFSAFK(Dnp)-OH
(0.1 mM) before and after incubation with ACE (3.0 nM) for 1h. (A) LC chromatogram (UV) of Ac-
RPPGFSAFK(PEGg)-OH and MS spectra of the UV-peak bracketed by the arrowheads (obsd. 1470.8
Da, calcd. 1470.8 Da). (B) LC chromatogram (UV) of Ac-RPPGFSAFK(PEGg)-OH after 1h ACE
cleavage and MS spectra of the UV-peak bracketed by the arrowheads (obsd. 716.4 Da, calcd.
716.4 Da for C-term dipeptide). (C) LC chromatogram (UV) of Mca-RPPGFSAFK(Dnp)-OH and MS
spectra of the UV-peak bracketed by the arrowheads (obsd. 1387.6 Da, calcd. 1387.6 Da). (D) LC
chromatogram (UV) of Mca-RPPGFSAFK(Dnp)-OH after 1h ACE cleavage and MS spectra of the UV-
peak bracketed by the arrowheads (obsd. 459.2 Da, calcd. 459.2 Da for C-term dipeptide).
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Molecular modelling

Docking studies were performed to assist in the design of an ACE sensitive ACPP. The
starting point of simulations was a structure of the ACE enzyme co-crystallized with a pseudo
peptide inhibitor (PDB code 3BKK) from the protein data bank (PDB). As no crystallized
structure exists of the enzyme with a substrate, the substrate H,N-RPPGFSAFK-OH was first
docked into the catalytic site with the GOLD docking program (30). Then, PEG linkers were
added and optimized with a graphical interface (MOE), as well as the polycationic and
polyanionic domains. As mentioned before, the ACE catalytic pocket is deeply embedded in
the interior of the enzyme, with only a narrow cleft giving access from two sides. We looked
into the design of ACPPs with two different conformations with respect to ACE. In the first
conformation, the two charged domains are dissociated and lie on opposite ends of the
enzyme. In this configuration, one of the charged domains needs to travel through the
narrow cleft to facilitate entering of the substrate into the catalytic site. Secondly, we
investigated a conformation wherein both charged domains are associated to each other on
the same side of the enzyme, and only the substrate + linker residues have to enter the ACE
cavity, while both charged domains remain bound at the exterior on the same side of the
cleft. Probes of the first conformation are less promising as the charged domains have to
dissociate, which is not favorable, and furthermore one of the charged domains has to pass
the narrow cleft.

For the first conformation, it was found that the probe should contain a PEGe linker (or
longer) on both sides of the ACE substrate. We have called this probe ACE ACPP-1 (Fig.
6.4A). For the second conformation, we found that a PEGg linker (or longer) between the N-
terminal site of the substrate and the polycationic domain is sufficient, while a PEGy, (or
longer) linker is needed to bridge the distance between the C-terminal lysine of the substrate
and the polyanionic domain (Fig. 6.4B). This probe has been called ACE ACPP-2. Next to
these two probes, a non-activatable ACE ACPP was designed (ACE non-ACPP), wherein the
polyanionic domain was directly coupled to the C-terminal lysine e-amino group.

Final probe design

The structures of the designed probes are displayed in Figure 6.5. The polycationic domain
consists of nine arginine residues, while the polyanionic domain contains nine glutamic acids.
For potential use of ACE ACPP in dual-isotope studies, similar to ”’Lu/!*?*1-dACPP described in
Chapters 2 and 3, we aimed for conjugation of a DOTA chelate to the polycationic domain for
77Lu labeling and introduction of a tyrosine residue, for *°I conjugation, to the polyanionic
domain.
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Figure 6.4: Conformation of ACE ACPP-1 and ACE ACPP-2 peptide within the ACE binding site. ACE
is shown as a cartoon, the catalytic zinc ion is shown as a grey sphere in the centre of the enzyme,
and the peptide structures are shown as sticks. (A) ACE ACPP-1. The two charged domains are
dissociated and lie on opposite ends of the enzyme, enabled by PEGs linkers on both sides of the
ACE substrate. (B) ACE ACPP-2. Both charged domains are associated to each other on the same
side of the enzyme. For this latter conformation a PEGs linker at the N-terminus of the substrate
and a PEGyo linker conjugated to the C-terminal lysine e-amino group are required.
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Figure 6.5: Molecular structures of the designed probes. (A) DOTA-Rqo-PEGs-RPPGFSAFK(Ac-Y-Eg)-
OH (ACE non-ACPP*), (B) DOTA-Ro-PEGs-RPPGFSAFK(Ac-Y-Eq-PEGs)-OH (ACE ACPP-1%*), and (C)
DOTA-R-PEGs-RPPGFSAFK(Ac-Y-Eo-PEG2p)-OH (ACE ACPP-2%*).
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In vitro ACE assay

The three designed probes (all without the DOTA chelate) were obtained from GenScript and
incubated with angiotensin converting enzyme. The negative control, ACE non-ACPP, showed
no sensitivity towards ACE as expected. Unfortunately, ACE also did not cleave the other ACE
ACPPs (Fig. 6.6), while the FRET probe Mca-RPPGFSAFK(Dnp)-OH was fully cleaved under
similar conditions (Fig. 6.6).
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Figure 6.6: LC-MS characterization of (A) ACE non-ACPP, (B) ACE ACPP-1, (C) ACE ACPP-2, and
(D) Mca-RPPGFSAFK(Dnp)-OH (ACE FRET) (0.1 mM) after incubation with ACE (3.0 nM) for 2h. The
left and right graphs show the UV absorbance chromatogram and the mass spectrum of the UV-
peak bracketed by the arrowheads, respectively.
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Molecular dynamic simulations, carried out with GROMACS (31), suggested that the PEGy
chain of ACE ACPP-2 may interfere with the ACE substrate for binding to the zinc ion in the
catalytic site (Fig. 6.7). Therefore, ACE ACPP-2 may have entered the ACE catalytic site with
masking of the substrate by the PEG-chain. In that case, the probe may possess ACE
inhibiting activity. To assess whether ACE ACPP-2 could penetrate the ACE enzyme to act as
an ACE inhibitor, a competition experiment was performed, wherein the ACE sensitive
peptide Mca-RPPGFSAFK(Dnp)-OH was incubated with ACE in the presence or absence of a
10-fold excess of ACE ACPP-2. The peptide Mca-RPPGFSAFK(Dnp)-OH was cleaved by a
similar rate by ACE under both conditions, while ACE ACPP-2 remained intact (Fig. 6.8),
suggesting that ACE ACPP-2 did not inhibit ACE activity and could not penetrate the catalytic
site.

Figure 6.7: Interaction of ACE ACPP-2 with the catalytic zinc in ACE (A) before and (B) after 1 ns
molecular dynamic simulation showing the interference of the PEGyo-linker with the zinc ion. For
clarity reasons, the structure of ACE is not shown; the surface represents the shape of the binding
site cavity.
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Figure 6.8: Mca-RPPGFSAFK(Dnp)-OH (ACE FRET) sensitivity towards ACE. LC chromatograms of
ACE-FRET (0.1 mM) 10 min and 60 min after incubation with ACE (1.5 nM) in (A) the presence or
(B) absence of ACE ACPP-2 (1.0 mM). (C) Percentage cleaved ACE FRET overtime for both

conditions.

Discussion

The present study aimed for the development of radiolabeled activatable cell penetrating
peptide probes (ACPPs) for sensing angiotensin converting enzyme (ACE) activity. The
development of an ACE ACPP imaging probe was challenging due to two factors. First, the
catalytic pocket of ACE is deeply embedded in the interior of the enzyme and therefore linker
residues may be necessary between the ACE substrate and the polycationic and polyanionic
domain for efficient penetration of the probe into the catalytic site. And second, ACE is a
dipeptidyl-carboxypeptidase, which implies that the ACE substrate could not be inserted
between the cell penetrating peptide and neutralizing domain in a linear fashion. Inspired by
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commercial available ACE FRET probes, we focussed on the conjugation of a polyanionic
neutralizing domain to the g-amino group of a C-terminal lysine present in the ACE
substrate, and coupling of the polycationic CPP domain to the N-terminus of the ACE-
substrate. The peptide sequence RPPGFSA—FK-OH, containing a C-terminal lysine, was
applied as ACE substrate for the development of proof-of-concept ACE ACPPs (Fig. 6.1). In a
first study we assessed whether polyethylene glycol (PEG) spacers could be used to link the
charged peptide domains to the substrate. In this experiment, a PEGs functionalized analog
of the FRET probe Mca-RPPGFSAFK(Dnp)-OH was synthesized, Ac-RPPGFSAFK(PEGsg)-OH,
and this probe showed a similar cleavage rate by ACE compared to its FRET probe analog.
Since modification of the lysine e-amino group showed to be successful, we continued in the
development of an ACE ACPP. Guided by molecular modelling, three different ACE ACPPs
were designed. In short, following docking of the substrate into the ACE catalytic site, PEG
linkers and the charged polycationic and polyanionic domains were coupled to the substrate
to create the ACE ACPPs. The modelling studies revealed two different probes, ACE ACPP-1
and ACE ACPP-2. Both probes fit the catalytic site of ACE, but ACE ACPP-1 requires the
dissociation of the polycationic and polyanionic domains, whereas this dissociation is not
required for ACE ACPP-2 that consisted of a longer PEG linker between the substrate and the
polyanionic domain. In these molecular modelling studies, the substrate was first docked
into catalytic site and then extended with PEG chains and the polycationic and polyanionic
domains to build the ACE ACPPs. A molecular dynamic simulation assessing whether ACE
ACPP-1 and ACE ACPP-2 can enter the catalytic site was not performed. Next to ACE ACPP-1
and ACE ACPP-2, a control probe, ACE non-ACPP, was designed, wherein the polyanionic
peptide domain was directly coupled to the lysine e-amino group. This probe should not fit in
the catalytic pocket of ACE. Unfortunately, none of these probes showed any sensitivity to
ACE. For ACE ACPP-1, the estimated effective molality En is ~10 mM, a ~1000 fold higher
than the intermolecular affinity of the two domains and therefore dissociation may not have
occured. The extended chain conformation of the PEG,, linker required for ACE ACPP-2 to
enable the entering of the probe into the catalytic site will be associated with an entropic
penalty arising from locking this conformation in place (i.e. preventing more favorable
random coil or helical conformations), which may have hampered the probe from entering
the catalytic site. Alternatively, the modelling studies suggested that the PEG;, chain may
interfere with the ACE substrate for binding to the catalytic zinc, thereby masking the ACE
substrate. Thereto, we determined if ACE ACPP-2 could penetrate the ACE enzyme and
subsequently block the catalytic site by performing a competition experiment between ACE
ACPP-2 and the FRET probe Mca-RPPGFSAFK(Dnp)-OH. A comparable cleavage rate was
observed for this FRET probe in the absence or presence of a 10-fold excess of ACE ACPP-2.
This suggests that ACE ACPP-2 could not enter the ACE catalytic site at all.

Conclusion
Unfortunately, attempts to develop an ACE ACPP did not succeed so far.
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Materials and methods

Materials

All reagents and solvents were obtained from commercial sources (Sigma-Aldrich, and Biosolve)
and used without further purification. 9-fluorenylmethyloxycarbonyl (Fmoc)-protected amino acids
and Fmoc-Lys(Mtt)-Wang resin were purchased from either Novabiochem (Merck) or Bachem.
Peptides HyN-Rg-PEGg-RPPGFSAFK(Ac-Y-Eg)-OH (ACE non-ACPP), H.N-Rg-PEGe-RPPGFSAFK(Ac-Y-
E9-PEGg)-OH (ACE ACPP-1), and H,N-Rg-PEGg-RPPGFSAFK(Ac-Y-Eo-PEG16)-OH (ACE ACPP-2) were
synthesized by GenScript. Peptide Mca-RPPGFSAFK(Dnp)-OH and Angiotensin Converting Enzyme
were purchased from R&D Systems.

Probe synthesis

Peptide Ac-RPPGFSAFKwi-resin was synthesized on an automatic synthesizer (Prelude, Protein
Technologies Inc.) by Fmoc solid-phase peptide synthesis (SPPS) using Fmoc-Lys(Mtt)-Wang resin
(0.1 mmol), HBTU as the activating reagent, and N,N=Diisopropylethylamine (DIPEA) as base. The
Mtt protecting group was selectively removed by incubating Ac-RPPGFSAFKw-resin with 1.8% v/v
trifluoroacetic acid (TFA) in dichloromethane with 2.0% v/v tri-isopropylsilane (TIS) as scavenger
for 10 x 3 min. Fmoc-PEGg-OH was conjugated to the peptide for 2x20 min in the presence of
DIPEA. After Fmoc removal, the peptide was cleaved from the resin by a mixture of 92.5% v/v
trifluoroacetic acid (TFA), 5.0% v/v tri-isopropyl silane (TIS), and 2.5% v/v MilliQ (Millipore) water
for 2h, filtered, and precipitated in ice cold diethylether. The peptide pellet was dissolved in MilliQ
water and purified by preparative reversed-phase high pressure liquid chromatography (RP-HPLC)
using an Agilent 1200 apparatus, equipped with a C18 Zorbax column (length = 150 mm, diameter
= 21.2 mm, particle size = 5.0 um). The elution gradient was set from 5 to 30% of buffer B (0.1%
TFA in acetonitrile) over 100 min, where buffer A was 0.1% TFA in MilliQ (Millipore) water. The UV
wavelength was preset at 210 and 254 nm. All peptides structures were analyzed by LC-MS on an
Agilent 1200 apparatus, equipped with a C18 Eclipse plus-column (length = 100 mm, diameter =
2.1 mm, particle size = 3.5 pm) and an electrospray mass spectrometer (Agilent Technologies
6210, Time-of-Flight LC/MS). Found masses: 1470.8 Da for Ac-RPPGFSAFK(PEGg)-OH (Calcd.
1470.8 Da, 28.1 pmol), 4112.2 Da for H;N-Rg-PEGe-RPPGFSAFK(Ac-Y-Es)-OH (ACE non-ACPP,
Calcd. 4112.1 Da), 4447.4 Da for H,N-Rg-PEGg-RPPGFSAFK(Ac-Y-Eg-PEGg)-OH (ACE ACPP-1, Calcd.
4447.3 Da), and 5063.7 Da for H,N-Rg-PEGe-RPPGFSAFK(Ac-Y-Eo-PEG16)-OH (ACE ACPP-2, Calcd.
5063.7 Da).
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In vitro ACE assay Ac-RPPGFSA-FK(PEGs)-OH

Ac-RPPGFSA—-FK(PEGsg)-OH and Mca-RPPGFSAFK(Dnp)-OH (0.1 mM) were incubated with 3.0 nM
ACE in a mixture of 100 mM Tris, 200 mM NaCl, 10 yM ZnCl;, and 0.01% w/v Brij-35 at pH 7.5 at
500 rpm and 37 °C. Samples were taken after 20 min and 1h, ACE was quenched by the addition
of TFA (10% v/v), and the samples were analyzed by LC-MS.

In vitro ACE assay ACE ACPPs

ACE non-ACPP, ACE ACPP-1, ACE ACPP-2, and Mca-RPPGFSAFK(Dnp)-OH as control (0.1 mM) were
incubated with 3.0 nM ACE in a mixture of 100 mM Tris, 200 mM NaCl, 10 uM ZnCl;, and 0.01%
w/v Brij-35 at pH 7.5 at 500 rpm and 37 °C. Samples were taken after 20 min, 2h and 24h, ACE
was quenched by the addition of TFA (10% v/v), and the samples were analyzed by LC-MS.

In vitro competition assay ACE ACPP-2 and Mca-RPPGFSAFK(Dnp)-OH

1.5 nM ACE in a mixture of 100 mM Tris, 200 mM NaCl, 10 pM ZnCl;, and 0.01% w/v Brij-35 at pH
7.5, was incubated with ACE ACPP-2 (in MQ, 20% v/v, 1.0 mM) or MQ (20% v/v) at 500 rpm and
37 °C. After 5 min, Mca-RPPGFSAFK(Dnp)-OH (0.1 mM) was added to both mixtures and samples
were taken at 4, 10, 25, and 60 min. ACE was quenched by the addition of TFA (10% v/v), and the
samples were analyzed by LC-MS.
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Chapter 7

Towards the development of radiolabeled
activatable cell penetrating peptides
to sense oxidative stress in vivo

Abstract

Increased levels of reactive oxygen and nitrogen species (RONS), and subsequent oxidative
stress, has been shown to significantly contribute to the pathogenesis of several diseases.
This important role of excess production of RONS in disease has stimulated the development
of in particular fluorescent molecular imaging probes. Here, a research project is proposed to
develop a radiolabeled activatable cell penetrating peptide (ACPP) sensitive to the RONS
hydrogen peroxide (H.0;) for the in vivo detection and imaging of oxidative stress. In the
proposed RONS ACPP probe, the cell penetrating property of a polycationic peptide is
masked by a polyanionic peptide, and both domains are fused to each other by a H,0; self-
immolative linker. Reaction of the ACPP with H,0, will result in self-immolation of the linker
and subsequent release and local entrapment of the radiolabeled polycationic cell
penetrating peptide (CPP). A H,O, ACPP is currently in development.



Chapter 7

Introduction

Reactive oxygen and nitrogen species (RONS) are formed as a natural byproduct of our
metabolism and is tightly controlled by a defense system of antioxidants. Under physiological
conditions, about 1-3% of the consumed oxygen is transformed into superoxide (Oz"),
followed by further conversion into other RONS such as hydrogen peroxide (H.03), hydroxyl
radical (‘'OH), and peroxynitrite (ONOO") (1,2). The efficient defense system of antioxidants
rapidly scavenges most RONS. However during oxidative stress, there is a cellular
mismanagement in the balance between the defense system and production of RONS by
mitochondria and endothelial enzymes as xanthine oxidase and NADPH oxidase. As a
consequence, the levels of ROS and RNS are typically upregulated resulting in the oxidative
damage of vital cell and tissue structures (3,4). For example in heart failure, oxidative stress
has been associated with the apoptosis of cardiomyocytes and subsequent contractile
dysfunction (5-8). Furthermore, oxidative stress has been linked to the activation and
increased expression of matrix metalloproteinases (MMPs), enzymes that play a pivotal role
in the adverse cardiac remodeling (9,10). In particular, hydrogen peroxide (H.0,) is a major
ROS byproduct and a common biomarker for oxidative stress (8). Increased levels of H,0,
have been observed during the adverse cardiac remodelling as a result of cardiac
hypertrophy or myocardial infarction (11,12).

Despite the important role of H,O, and other RONS in disease, studies describing the in vivo
molecular imaging of oxidative stress for diagnosis and staging are few (13-15). The short
half-lifes of most RONS has challenged researchers over the past decade. The relative long
half-life of H,O, and its capability to cross cell-membranes, has made H,O, of special interest
as target for molecular imaging of oxidative stress. Currently, most molecular imaging
approaches have been focused on the visualization of RONS production in single cells in in
vitro settings using fluorescenctly activatable probes. In these approaches as reviewed in
Chapter 1, RONS-specific triggers are conjugated to fluorophores thereby inducing a strong
fluorophore-silencing effect. Upon reaction with a specific RONS, the fluorescence will be
restored (Scheme 1.1). The first in vivo imaging study of oxidative stress employed
nanoparticles formulated from peroxalate esters and fluorescent dyes (13). Reaction of the
peroxalate esters with hydrogen peroxide resulted in high-energy dioxetanedione
intermediates that subsequently facilitated excitation of the encapsulated dye. This probe
was used to detect hydrogen peroxide in the peritoneal cavity of mice during a
lipopolysaccharide-induced inflammatory response. Hydrogen peroxide production was also
visualized in tumor-bearing mice using an activatable bioluminescent probe (Scheme 7.1)
(14). This probe was studied in firefly luciferase expressing tumor-bearing mice and showed
tumor-specific activation.
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Scheme 7.1: H,0; activatable luminescent probe. Reaction of the probe with hydrogen peroxide
will release firely luciferin that subsequently will be oxidized by firefly luciferase resulting in a
luminescent signal (14).

Panizzi et al. developed a RONS nanoparticle to which quenched oxazine reporters were
conjugated (15). Release of the oxazine reporters by RONS interaction, in particular
peroxynitrite and hypochlorous acid, resulted in restoration of its fluorescence. This
nanoparticle was studied in a mouse model of myocardial infarction and showed
enhancement of oxazine fluorescence in the infarcted areas of the heart. These three papers
show that RONS can be detected in vivo in small animals, like mice. As reviewed in Chapter
1, fluorescent/bioluminescent imaging probes have limited use for image-based whole-body
in vivo diagnostics due to the short penetration depth of light. In that respect, molecular
imaging probes suitable for magnetic resonance imaging or nuclear imaging would be
especially valuable for the future non-invasive detection of oxidative stress in cardiac
patients. In this Chapter, we report on the design of a radiolabeled activatable cell
penetrating probe (ACPP) for the detection of extracellular levels of H,0,. Subsequently,
preliminary results on the synthesis of this probe will be addressed.
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Design of a H,0, ACPP for nuclear imaging

In previous chapters *”’Lu/*?°I-dual isotope ACPP probes have been described and developed
for enzymatic targets. In these probes, the cell penetrating polycationic peptide and
inhibitory polyanionic peptide were conjugated to each other by peptide substrates cleavable
by the enzymes of interest. No peptide substrate has however been identified that can be
cleaved upon reaction with H,0,. Nevertheless, several types of alternative H,O, sensitive
domains have been reported that may be applied in the H,O, ACPP imaging probe (16-22)
(Fig. 7.1). These domains typically consist of self-immolative building blocks, conjugated to a
H,0, specific trigger, that undergo a self-immolative release cascade after reaction with
H,0,. Scheme 7.2 shows the decomposition for an aniline wedge - H,0. trigger combination
and a hemithioaminal spacer — H,O, trigger combination.

polycation .8 1. Hzoz_ )
b 2. Selfsimmolation !
H > polyanion
self- Oy e
immolative polyanion
linker
Uptake
largely
blocked
- \
polycation B8
+++++++++

g 177,
ﬁ 125

Figure 7.1: Mechanism of a H,O, activatable cell penetrating probe. The cell penetrating property

polycation
+H+HH+H++

vy

Endosome

of a polycationic peptide is masked by a polyanionic peptide, which are fused to each other by a
H>0; self-immolative linker. H>O-triggering initiates self-decomposition of the linker, and thereby
releases the polycationic cell penetrating peptide (CPP). The activated CPP will transfer its
radioactive cargo *”’Lu across the cell membrane, while the polyanionic peptide together with %I
will be cleared by the kidneys.

Aryl boronic acid and esters (Scheme 7.3A) have been extensively used as hydrogen
peroxide triggers in various applications such as analyte detection, molecular imaging and
drug delivery (14,22-26). Upon contact with hydrogen peroxide, these aryl boron
compounds undergo a reaction, which cleaves the boron to form the corresponding phenol
derivative (27,28). The mechanism of the reaction between the boronic ester and hydrogen
peroxide is shown in Scheme 7.3B.
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Scheme 7.2: Mechanism of decomposition of self-immolative linkers. (A) H>O, mediated self-
immolation of an aniline wedge - H>O; trigger combination. Reaction with hydrogen peroxide will
result in the release of the aniline wedge. In the next step the lone electron pair of the aniline
nitrogen initiates an electronic cascade event resulting in the release of the first R-group and
carbon dioxide (18). The formed terminal double bond is then attacked by water and the electrons
are pushed towards the second carbamate, which then releases the second R-group together with
carbon dioxide. (B) H.O, mediated self-immolation of a hemithioaminal spacer - H,O, trigger
combination. Reaction with hydrogen peroxide will result in the release of the hemithioaminal
spacer. The lone electron pair of the nitrogen will subsequently initiate an electronic cascade event
resulting in the release of the first R-group. Then, spontaneous self-immolation will result in the
hydrolysis of the carbonate into a thioalkyl carbonate and the second R-group. R; and R represent
the polycationic and polyanionic peptide domains.
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Scheme 7.3: (A) Molecular structure of aryl boronic pinacol ester, aryl boronic pinanediol ester,
and aryl boronic acid. (B) Mechanism of H,O, mediated deprotection of an aryl boronic pinacol
ester into a phenol derivative. Hydrogen peroxide is first activated by a small amount of base to
form the peroxide anion, which then attacks the electrophilic boron. Next an aryl shift occurs,
where the boron bound oxygen atom inserts into the aryl boron bond. The released hydroxide
anion will immediately react with the boron atom resulting in a negatively charged borate anion
that subsequently releases the phenol derivative (27,28).

In various reporter systems, p-hydroxy benzyl carbamate linkages are used to conjugate the
hydrogen peroxide trigger to the self-immolative wedge functionalized with reporters (22).
These carbamate linkages ensure that conversion of the H,O, trigger into phenol will be
followed by a spontaneous self-immolation cascade of the probe (Scheme 7.4). Next to p-
hydroxy benzyl carbamate, p-amino benzyl carbamate (PABC) linkages are well-known self-
immolative linkers. For the proposed H,O, ACPP, we will use a self-immolative strategy for
the release of CPP. Various combinations of H,0, triggers and self-immolative wedges can be
applied to generate a family of H,O. responding ACPPs. Figure 7.2 shows the molecular
structure of a potential H,O, ACPP.
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Scheme 7.4: Proposed mechanism of H,O, mediated self-immolation of an aryl boronic pinacol

ester-aniline wedge combination. H>O, will induce the conversion of the aryl boronic pinacol ester

into a p-hydroxy benzyl carbamate derivative

(Scheme 7.2). One of the free electron pairs of the

oxygen then forms a double bond between the oxygen and the aromatic ring, followed by an

electronic cascade event resulting in the dissociation of the compound into carbon dioxide and the

p-amino benzyl carbamate based aniline wedge. Self-immolation of the aniline moiety will result in

the release of the two R-groups (Scheme

polyanionic peptide domains.

7.1A). R; and R, represent the polycationic and
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Figure 7.2: Molecular structure of a potential H,O, ACPP. The probe consists of an aryl boronic
pinacol ester conjugated to a self-immolative aniline wedge via a benzyl carbamate linkage. The
wedge is functionalized with a DOTA-functionalized polycationic d-peptide, and a tyrosine-
polyanionic d-peptide conjugate via p-amino benzyl carbamate linkages. The DOTA chelate can be
used for radiolabeling with e.g. *”’Lu, while *?°I can be conjugated to the tyrosine amino acid, to

enable dual-isotope studies. Reaction of this probe with H>O, will result in the release and
dissociation of both peptide domains and subsequent local retention of the polycationic peptide.

Considerations:

-Aryl boronic acid/esters respond to H,0, selectively over other RONS such as nitrix oxide
('NO), superoxide (O5™), and lipid peroxides (14). However, recent studies have shown that
aryl boronic acids and esters are also highly sensitive towards the RONS peroxynitrite
(ONOO") (29,30), which is mainly produced intracellularly by the reaction of nitric oxide
('NO) with superoxide (0O3") (31). Although predominantly present in the cytosol,
peroxynitrite is able to cross cell membranes (31) and, therefore, may also contribute to the
activation of the proposed ACPP in the extracellular space of tissues subjected to oxidative
stress.

-According to several recent papers, aryl boronic acid is more reactive towards H,O, than
aryl boronic pinacol ester (32,33). However, Sikora et al. showed a similar second-order rate
constant for both H,0, triggers (30).

150



Towards A H,0; Activatable Cell Penetrating Peptide

Short description of performed synthesis so far

We aim for the synthesis of the H,O, ACPP displayed in Figure 7.2 by coupling the two
peptide domains to an aryl boronic pinacol ester-aniline wedge combination. The polycationic
peptide domain H;N-O1Pen-ro-k(tri-allyl-DOTA)-NH,, the polyanionic peptide domain H,N-
O1Pen-e(allyl)e-y(allyl)-NH,, and the aryl boronic pinacol ester-aniline wedge combination
have been successfully synthesized. The coupling of the peptide domains, with side chain
protecting groups, to the wedge is subject of current research. Here, the synthesis of the
aryl boronic pinacol ester-aniline wedge combination is described briefly.

Synthesis of aryl boronic pinacol ester-aniline wedge

The aryl boronic pinacol ester-aniline wedge combination (3) was created by reaction of an
aniline wedge (1) with boronic pinacol ester (2) as shown in Scheme 7.5, following a slightly
modified strategy that has been used previously for similar reactions (34,35). The only
modification is the use of triphosgene instead of phosgene. Compounds 1 and 2 were
synthesized according to reported procedures described in reference (35) and (36),
respectively.

cl o c
OTBDPS  Cl cl OTBDPS
HoN cy\oj\okm =

P

Toluene
OTBDMS OTBDMS

1

0
o o4 OTBDPS
/B@—/ HN
o
3

OTBDMS

Scheme 7.5: Synthesis of 3 via activation of 1 with triphosgene and subsequent conjugation to 2
in the presence of catalyst dibutyltin dilaurate (DBTL). Overall yield was 66%. TBDMS and TBDPS
are abbreviations for tert-butyldimethylsilyl and tert-butyldiphenylsilyl and function as orthogonal
protecting groups for the alcohol moieties.

151



Chapter 7

Current research is focused on the coupling of the polycationic and polyanionic peptide
domains to 3. The TBDMS group in 3 can be selectively deprotected as previously reported
(35), resulting in the alcohol derivative. To form the carbamate bond between the alcohol
and the primary N-terminal amine of the peptide domain as shown in Figure 7.2, triphosgene
was used to either activate the alcohol or the amine, but in both cases the desired product
was not observed (Scheme 7.6A and B). The activation of the alcohol with p-nitrophenyl
chloroformate and subsequent peptide coupling was not successful either (Scheme 7.6B).
The application of other coupling strategies is in progress, e.g. the formation of carbamate
linkages between compound 3 and small spacers, containing azide or succinimidyl ester
(NHS) functionalities, followed by coupling of the peptide domains using click or NHS
chemistry.

A

1) Triphosgene

(o]
0 o4 OTBDPS
H,N-O1Pen-e(allyl)g-y(allyl)-NH, — X /B\®—/ HN
(o]

2) TBDMS deprotected
Compound 3 O

HN-R

1) Triphosgene
or

B
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o} 0 OTBDPS 1) p nitropheny! chloroformate o} O% OTBDPS
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Scheme 7.6: (A) Reaction scheme of the activation of the peptide and subsequently attachment of
the alcohol of TBDMS deprotected compound 3. (B) Reaction scheme for thriphosgene of p-
nitrophenyl chloroformate activation of the alcohol of TBDMS deprotected compound 3 and
subsequent coupling of the peptide. R represents peptide O1Pen-e(allyl)s-y(allyl)-NH..

Conclusion

Here, a research project is proposed to develop radiolabeled activatable cell penetrating
peptide (ACPP) sensitive to the RONS hydrogen peroxide (H.0;) for the in vivo detection and
imaging of oxidative stress. A H,O, ACPP, consisting of a H,O, sensitive self-immolative
trigger fusing the polycationic and polyanionic domains, is currently in development.
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Materials and methods

Materials
Chemicals and solvents were obtained from commercial sources and used without further
purification.

Instrumentation

Column chromatography was performed on a Combiflash Companion automated apparatus
equipped with a Teledyne Isco fractions collector, using GraceResolvTM Silica Flash Cartridges.
Thin layer chromatography was performed on Merck precoated TLC Silica gel 60 F254 plates.
Visualization was accomplished with UV lights and staining with potassium permanganate (0.5
g/100 mL 1M NaOH). *H NMR spectra were recorded on a Brucker Avance III 300 spectrometer. All
spectra were processed with Bruker 1D WIN-NMR software. MALDI-TOF measurements were done
on an Applied Biosciences | MDS Sciex, 4800 MALDI TOF/TOF Analyzer. LC-MS was performed on
an Agilent 1200 apparatus, equipped with a C18 Eclipse plus-column (length = 100 mm, diameter
= 2.1 mm, particle size 3.5 ym) and an electrospray mass spectrometer (Agilent Technologies
6210, Time-of-Flight LC/MS).

Synthesis of compound 3

Toluene (10 mL) was brought to reflux (35). Next, a solution of triphosgene (2.4 g; 8 mmol) in 10
mL toluene and a solution of compound 1 (1.98 mmol) in toluene (8 mL) were added and the
resulting mixture was stirred at reflux temperature for 1 hour. The mixture was concentrated to a
syrup and a solution of compound 2 (610 mg; 2.6 mmol) in THF (10 mL) and DBTL (100 pL) were
added. The resulting mixture was stirred for 2 hours, after which the solvents were evaporated.
The crude product was purified using flash silica gel column chromatography (5 % EtOAc/heptane)
to obtain the product as a colorless oil (1.0 g; 1.3 mmol; 66%). Re= 0.28 (10% EtOAc/heptane).

MALDI-TOF MS: m/z = 788.39 [M+Na]*; 804.36 [M+K]*

4 NMR (300 MHz, CDCl3) 3= 0.07 (s, 6H, Si(CHs)2), 0.89 (s, 9H, (CH3)>SiC(CHs)3), 1.07 (s, 9H,
(CeHs)2SIC(CHs)3), 1.35 (s, 12H, BOC(CHs)2C(CHs)2), 4.70 (s, 4H, CH,OTBDMS, CH,OTBDPS), 5.23
(s, 2H, CH,0C(0)), 7.04 (m, 1H, NHCsHs), 7.21-7.26 (m, 1H, NHCsHs), 7.33-7.46 (m, 8H, BCsHa,
Si(CeHs)2), 7.65-7.69 (m, 4H, Si(CeHs)2), 7.79-7.83 (d, J = 8.0 Hz, 2H, BCeHa), 7.98 (br d, 1H,
NHCeHs), 8.40 (br's, 1H, NH)
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Peptide synthesis

Peptides Fmoc-O1Pen-ro-k(Mtt)-resin and Fmoc-O1Pen-e(allyl)s-y(allyl)-resin were synthesized on
an automatic synthesizer (Prelude, Protein Technologies Inc.) by Fmoc solid-phase peptide
synthesis (SPPS) using Rink amide resin (0.1 mmol), HBTU as the activating reagent, and N,N-
Diisopropylethylamine (DIPEA) as base. D-amino acids are denoted in lower case and O1Pen
represents 5-amino-3-oxapentanoic acid. The Mtt protecting group was selectively removed by
incubating Fmoc-O1Pen-rq-k(Mtt)-resin with 1.8% v/v trifluoroacetic acid (TFA) in dichloromethane
with 2.0% v/v tri-isopropylsilane (TIS) as scavenger for 10 x 3 min after which tri-allyl DOTA (2.0
equiv, synthesized according to (37)) in NMP was added to the peptide resins and was reacted
overnight in the presence of HBTU and DIPEA. After coupling, the Fmoc group was removed and
both peptides were cleaved from the resin by a mixture of 95.0% v/v trifluoroacetic acid (TFA),
2.5% v/v tri-isopropyl silane (TIS), and 2.5% v/v MilliQ (Millipore) water for 4h, filtered, and
precipitated in ice cold diethylether. The peptide pellets for H,N-O1Pen-ro-k(tri-allyl-DOTA)-NH,
and H;N-O1Pen-e(allyl)s-y(allyl)-NH; were dissolved in MilliQ water and DMF, respectively, and
purified by preparative reversed-phase high pressure liquid chromatography (RP-HPLC) using an
Agilent 1200 apparatus, equipped with a C18 Zorbax column (length = 150 mm, diameter = 21.2
mm, particle size = 5.0 pm). The elution gradient was set from 5 to 30% of buffer B (0.1% TFA in
acetonitrile) over 100 min for H,N-O1Pen-ro-k(tri-allyl-DOTA)-NH>, and from 35% to 60% of buffer
B over 100 min for H;N-O1Pen-e(allyl)s-y(allyl)-NH,, where buffer A was 0.1% TFA in MilliQ
(Millipore) water. The UV wavelength was preset at 210 and 254 nm. Purified peptides were
analyzed by LC-MS.

Found masses: 2157.5 Da for H,N-O1Pen-ro-k(tri-allyl-DOTA)-NH, (Calcd. 2157.4 Da, 31.8 pmol),
and 1842.9 Da for H,N-O1Pen-e(allyl)s-y(allyl)-NH, (Calcd. 1842.8 Da, 21.9 umol).
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Chapter 8

In this thesis, the development of radiolabeled bioresponsive probes for molecular imaging,
based on activatable cell penetrating peptides (ACPP), has been described. This Chapter
provides some final remarks on three items:

1) Rationale to develop probes based on ACPP concept

2) Optimization of the ACPP probe design

3) ACPP probe development for novel targets

Rationale to develop probes based on ACPP concept

In Chapter 1, the design and in vivo application of bioresponsive imaging probes have been
reviewed in detail. The term “bioresponsive imaging probes” refers to imaging probes that
undergo a molecular change upon interaction with an endogenous target that leads to a
change in imaging signal. For example, protease bioresponsive probes have been directed to
the active site of the enzymes resulting in the cleavage and activation of the imaging probe
offering a read-out of enzyme activity (1), while the conventional imaging probes for
protease detection rely on a 1:1 probe-target binding fashion and detect enzyme abundance.
Importantly, protease bioresponsive probes display signal amplification since the molecular
target can continuously activate the imaging probe.

The bioresponsive imaging probe family can be divided into three major types. The first
group consists of bioresponsive optical probes that show direct activation of the optical
imaging label from a non-fluorescent state to a fluorescent state upon target interaction (1-
5). The second group consists of bioresponsive MRI probes that show a change in relaxivity
of the MRI contrast agent upon target interaction (4-8). Besides these two types of imaging
probes, which both focus on the activation of the imaging label, the third type of
bioresponsive imaging probes function through local retention and accumulation at the site
of interaction with a chemical or biological endogenous stimulus (9-12). Importantly, this
last type of imaging probes is not limited to one specific imaging modality. Hence, probes
have been successfully developed for clinically relevant nuclear imaging strategies as well
(13). In this thesis, the goal was to develop novel radiolabeled imaging probes belonging to
the third class of bioresponsive imaging probes for future non-invasive detection of
endogenous biomarkers in cardiovascular disease and cancer with nuclear imaging.
Furthermore, a general imaging probe approach that can facilitate the detection of various
biomarkers at the same time, in combination with a multiple isotope approach, is valuable
for improved diagnosis. Therefore, we focussed on the development of radiolabeled
bioresponsive imaging probes, based on activatable cell penetrating peptides (12). In these
probes, the cell penetrating property of a polycationic peptide domain is efficiently masked
by a polyanionic inhibitory domain that is conjugated to the polycationic domain by a target-
specific substrate. This probe design allows the replacement of the substrate by other
substrates, enabling tuning of the target-specificity. Cleavage of the substrate releases the
polycationic peptide domain, followed by tissue association and accumulation of this peptide.
We have developed a radiolabeled MMP-2/9 sensitive ACPP, containing a PLGLAG peptide
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substrate, and this probe was studied in tumor-bearing mice (Chapter 2). Despite this probe
showed an increased tumor uptake compared to muscle uptake, specific probe activation by
MMPs in the tumor could not be shown. Instead the tumor uptake was quite likely due to
activation of the probe in the blood and subsequent enhanced retention of the activated
probe in the highly vascularized tumor. Therefore, several challenges need to be addressed
to achieve clinical translation of ACPPs. Firstly, the protease-sensitive linker should be
carefully chosen to prevent a-specific cleavage. Secondly, highly specific accumulation in the
tissue of interest may be achieved by ACPPs that are exclusively sensitive to cell membrane
bound enzymes that do not shed into the vasculature, thereby avoiding ACPP activation in
blood.

Further optimization of the ACPP probe design

The ACPP imaging probes consist of three essential components:
-a cell penetrating domain containing an imaging label;

-a polyanionic inhibitory domain;

-and a target-specific substrate.

Polycationic cell penetrating peptide domain.

In this research, a nona-arginine d-peptide (rs) was applied as cell penetrating peptide
(CPP). This peptide shows efficient cellular uptake via macropinocytosis (14,15). The first
step of cellular entry is the association of the guanidine residues of the CPP with sulfated
glycans (particularly heparin sulfate) present on the cell membrane. Then, macropinocytotic
uptake will lead to entrapment of the probe in intracellular vesicles, typically followed by
endosomal escape into the cytoplasm. However, the precise mechanism of this escape
remains unclear (16). In Chapter 3, it was demonstrated that an MMP-2/9 ACPP probe was
locally activated in the infarcted myocardium resulting in probe retention, but with some
probe wash-out from the infarcted myocardium overtime. CPPs have been subjected of
intensive research over the last decades (16-21) and some other peptide domains,
compared to Ry, have been found to show improved cell penetrating properties (19). In that
study, ten different L-form CPPs were studied in vitro and in vivo (19). The peptides that
displayed an increased cellular uptake compared to the polycationic Ry sequence include an
amphipathic-based peptide (KLALKLALKALKAALKLA) and an alternative polycationic peptide
(RQIKIWFQNRRMKWKK) (19). Recently in another paper, it has been shown that by
increasing the distance between arginine amino acids, the cellular uptake of polycationic
CPPs is enhanced (20). Furthermore, the cell penetrating property of R;o was improved with
higher peptide structural rigidity achieved by cyclization of the Rj, peptide (21). The
separation of the guanidinium groups in the cyclic structure was suggested as a critical
factor governing the increased cell penetrating efficiency (21). In conclusion, the
incorporation of alternative cell penetrating peptides may enhance the tissue retention by
reducing probe wash-out of the activated ACPP. Another important aspect that may be taken
into account is the in vivo biodistribution of cell penetrating peptides. We and others have
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demonstrated that the poly-arginine cell penetrating peptide domain displays a strong liver
uptake (19,22). Other cell penetrating peptides such as PKKKRKVK displayed a ~25-fold
lower liver uptake, and accumulated predominantly in the kidneys (19). Replacement of the
CPP ro with PKKKRKVK (or its D-peptide analog) in ACPP probes that show some background
activation in the vasculature, e.g. the MMP-2/9 dACPP presented in Chapter 3, should reduce
probe uptake by the liver. This may be valuable for the imaging of molecular targets that are
close to the liver, such as MMP-2 and MMP-9 in cardiac remodeling.

Notably, the L-peptide Ry was shown to be degraded rapidly in serum, which may have led
to a loss in cell penetrating efficiency with respect to amphipathic-based CPPs (19). In our
studies we employed the D-form based polycationic rg sequence, which has been shown to
resist proteolysis (23). One may reason that the cellular uptake of D-peptides may be better
compared to L-peptides. It was recently shown that the binding affinity of D-peptide ry for
heparin sulfate (HS) was slightly larger than that for L-peptide Ry (24). Nevertheless, L-
peptide Ry showed a stronger cellular uptake compared to D-peptide rg in HS-rich cell types,
indicating that cell internalization is chirality dependent (24). The exact difference in probe
recognition and cellular uptake between Rg and ry is unfortunately not yet clarified (24).

For the application of ACPP in molecular imaging, local accumulation is critical, but
internalization is not required. However, the potential application of ACPPs as vehicles for
intracellular drug delivery is hampered if the activated domain is not efficiently internalized.
Moreover, we showed that a fluorescein-conjugated CPP was mainly accumulated in
endosomes without release into the cytoplasm (Chapter 2). For drug delivery applications,
the attachment of an endosomal escape device to the ACPP probe may, therefore, be
necessary to allow cytosolic delivery (25).

Polyanionic inhibitory domain

The function of the polyanionic inhibitory domain is to mask the cell penetrating property.
We showed that the cell penetrating property of the polycationic ry d-peptide could be
efficiently inhibited with a polyanionic ey d-peptide (Chapter 2). In the above sections other
attractive cell penetrating peptides have been discussed. The potential application of these
peptides in future ACPP imaging probes may also require optimization of the molecular
structure of the inhibitory domain to ensure efficient masking of the cell penetrating property
for the intact probe.

Target-specific substrate/trigger

In the ACPP imaging probes, the cell penetrating peptide and the inhibitory domain are fused
by a substrate that is cleaved by the molecular target of interest. The choice of the substrate
is directly associated with probe sensitivity and specificity. In many cases, the substrate can
be degraded not only by the molecular target of interest, but also by other related molecular
targets. For example, the family of matrix metalloproteinases (MMPs) can degrade multiple
substrates, with considerable substrate overlap between individual MMPs (26). Given the fact
that proteases such as MMPs have redundant functions, one may raise the question which
probe type, either selective probes, sensitive to a specific protease, or broad-spectrum
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cleavable probes, sensitive to a complete protease family, represent the optimal strategy for
monitoring disease progression. In general, specific probes are very valuable firstly to
monitor the particular biological role of a certain protease in disease progression and
secondly to reveal a disease stage. Broad-spectrum probes may also be valuable to reveal a
disease stage as in specific cases multiple members of a protease family are upregulated.
Furthermore, broad-spectrum probes are useful for assessing the effect of drug therapy
against all members of a protease family (27).

In case of MMP-2 and MMP-9 that show considerable substrate overlap, the development of
a specific probe would be valuable. Namely, the overexpression of MMP-2 and MMP-9 in
adverse cardiac remodeling after a myocardial infarction (MI) follows different time frames.
MMP-9 predominantly plays a role in the early wound healing and inflammation response
shortly after MI, while MMP-2 is mainly involved in the cardiac ECM remodeling phases (28).
Detection of the individual MMPs would be valuable for staging, but substrates that show
100% specificity for one of these MMPs have not been reported so far. In Chapter 2, the
substrate PLGLAG was used that showed sensitivity towards MMP-2, MMP-9 and to a limited
extent MMP-14. In Chapter 5, the insertion of MMP-14 sensitive substrates into the ACPP
imaging probe resulted in probes that were cleaved by MMP-14, but also by other MMP
members. Molecular biology tools, such as phage display maturation screens, may be
valuable in the search for more enzyme-specific substrates.

In most approaches, peptides have been applied as substrates to link the polycationic and
polyanionic domain resulting in ACPP probes that can sense proteolytic activity. Using a self-
immolative strategy as proposed in Chapter 7, the ACPP family may find application in the
detection of the activity of non-proteolytic enzymes and detection of the production of
molecular targets such as reactive oxygen and nitrogen species.

ACPP probe development for novel targets

In this thesis, the development of a radiolabeled ACPP imaging probe for MMP-2/9 has been
described and this probe showed promise in the detection of cardiac remodeling (Chapter 3).
A linear dependency was found between probe uptake and MMP-2 expression in heart of
mice 10 days post myocardial infarction. An impressive 10-fold higher probe uptake was
found in infarcted myocardium compared to remote myocardium. However, the MMP-2/9
sensitive dACPP showed also a strong liver uptake that may hamper the application of this
probe in heart disease. Besides specific activation in infarcted heart tissue, the MMP-2/9
dACPP showed a considerable degree of activation in the vascular compartment, leading to
the strong background uptake in the liver and other tissues. Therefore, the development of
ACPPs which are only activated in the tissue of interest is highly valuable. In Chapter 5, we
focused on the development of ACPPs for the cell membrane-associated matrix
metalloproteinase-14 (MMP-14) that has been identified to be such a tissue-specific target
showing increased activity in heart disease and cancer. In a small pilot study, this probe
displayed increased uptake in infarcted heart tissue compared to remote heart tissue, and
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this probe will be subject of further research to reveal the in vivo biodistribution and
behavior in more detail. Next, we focused on the development of ACPP imaging probes for
angiotensin converting enzyme (ACE) and hydrogen peroxide (H.0;). The designed ACE
ACPPs were not activated by ACE and further research into the probe design is needed. A
H,0, ACPP, consisting of a H,0, sensitive self-immolative trigger fusing the polycationic and
polyanionic domains, is currently in development. Next to these targets, the ACPP imaging
concept has been developed by others for the in vitro detection of several disease-related
enzymes such as urokinase, enterokinase, prostate-specific antigen, elastase, and plasmin
(12,29-31) as well as acidic conditions by employing a reduction-sensitive disulfide bridge
between the polycationic and polyanionic domain (12). Recently, a fluorescently-labeled
ACPP was developed for detection of thrombin in carotid atherosclerotic plaques (32).

With respect to heart disease, the activity of several enzymes has been reported to be
elevated, and the non-invasive monitoring of the levels of these biomarkers may be valuable
for diagnosis and staging. These biomarkers include aldosterone synthase (33-35) and
chymase (36). These enzymes are, next to angiotensin converting enzyme (ACE), involved
in the renin-angiotensin-aldosterone system (RAAS). Furthermore, thrombospondin 2 (37),
and also members of the ADAM (a disintegrin and metalloprotease) family, e.g. ADAM-10, -
12, -15 (38), ADAM-17 (39-41), and ADAMTS-1 (41), may be attractive for molecular
imaging of heart disease. As mentioned earlier, for the development of successful
bioresponsive ACPP-based imaging probes for one or more of the above biomarkers, target-
specific substrates/triggers are crucial.
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Summary

Molecular imaging is recognized as a powerful tool to visualize and characterize biological
processes at the cellular and molecular level in vivo. In most imaging approaches, molecular
probes are used to bind to disease-specific biomarkers highlighting disease target sites. In
recent years, a new subset of molecular imaging probes, known as bioresponsive molecular
probes, has been developed. Chapter 1 reviews the several types of these activatable
imaging probes and its potential in vivo applicability.

The goal of this thesis was the design, synthesis, and in vitro and in vivo characterization of
novel bioresponsive imaging probes based on the elegant concept of activatable cell
penetrating peptides (ACPPs).

The experimental part of this thesis starts with the development of radiolabeled matrix
metalloproteinase-2, -9 (MMP-2/9) activatable cell penetrating peptides. The matrix
metalloproteinases -2 and -9 play an important role in angiogenesis and metastasis in
cancer, and in adverse cardiac remodeling after myocardial infarction. In Chapter 2, it is
shown that the proposed MMP-2/9 sensitive peptide-based imaging probes were successfully
synthesized on the solid phase, and could be efficiently labeled with radio-isotopes. A dual-
isotope labeled ACPP is presented that could discriminate between uptake of the activated
probe and the integral probe and this ACPP was used to follow the activation process in vivo.
Despite the probe showed specific sensitivity towards MMP-2 and MMP-9 in vitro, in vivo
studies in tumor-bearing mice demonstrated that the ACPP was not activated in MMP-
expressing tumor tissue, but most likely already in the circulation.

Chapter 3 describes the in vivo characterization of the radiolabeled MMP-2/9 ACPPs in a
mouse model of myocardial infarction. In this model, infarct-specific activation and retention
of the MMP-2/9 ACPP was observed, as was assessed by biodistribution studies using the
dual-isotope labeled ACPP. A significant correlation was found between MMP-2/9 expression
and the degree of probe activation in infarcted and remote areas of the hearts. Furthermore,
ACPP retention in infarcted regions was successfully visualized ex vivo using
autoradiography. Nevertheless, also ACPP activation in the circulation resulted in retention of
the activated probe in the surrounding tissues, especially in the liver. Consequently, a strong
background signal was observed.

Chapter 4 focuses on the development of long circulating MMP-2/9 sensitive ACPPs to
achieve an extended exposure time to the target proteases. Incorporation of two different
albumin ligands i.e. palmitic acid (Palm) and deoxycholic acid (DOCA), in the ACPPs resulted
in a strong increase in circulation time of these albumin-binding ACPPs compared to the
ACPP without albumin ligand. In vivo biodistribution studies in a mouse model of myocardial
infarction pointed towards local activation of a DOCA-conjugated ACPP in areas of cardiac
remodelling. Despite the increased circulation time of this probe, the infarct-to-remote ratios
and absolute probe uptake in infarcted areas of the heart was comparable to dACPP.
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In view of the findings discussed in Chapters 2 and 3, we hypothesized that ACPPs sensitive
for tissue-specific biomarkers should exhibit reduced activation in the vasculature and
background probe uptake of the activated ACPP in all tissues. Consequently, this should
improve the signal-to-background ratios of these probes. Therefore, Chapter 5 and
Chapter 6 are dedicated to the development of radiolabeled ACPPs activatable by
membrane-type matrix metalloproteinase-1 (MMP-14), and the transmembrane protein
angiotensin converting enzyme (ACE), respectively.

In Chapter 5, the design and synthesis of MMP-14 sensitive ACPPs (ACPP-14) is addressed.
MMP-14, like MMP-2 and -9, plays an important role in adverse cardiac remodeling. The
most effective ACPP-14 probe was selected by employing MMP-14 sensitivity and enzyme
specificity assays. This probe showed efficient cellular uptake upon activation. In a pilot in
vivo biodistribution study, the level of in vivo background activation in the vasculature was
decreased compared to MMP-2/9 ACPP (Chapters 2 and 3), while an increased uptake in
infarcted heart tissue was observed compared to remote heart tissue, warranting further
research into the in vivo biodistribution of this probe.

Chapter 6 presents the development of an ACPP sensitive for the carboxy exopeptidase
angiotensin converting enzyme (ACE). Upregulated heart-associated ACE activity has been
related to adverse cardiac remodeling in nearly all cardiovascular diseases. Using molecular
modeling approaches, various ACE ACPPs were designed to fit into the catalytic pocket of
ACE. These probes were subsequently synthesized, but unfortunately showed no in vitro
sensitivity towards ACE.

Chapter 7 deals with the design of an ACPP that responds to hydrogen peroxide (H,0.).
Production of reactive oxygen species like H,0, typically occurs during elevated oxidative
stress and contributes to the pathogenesis of several diseases, including cardiac ischemia-
reperfusion injury. In this Chapter, we propose to extend the application of the ACPP
imaging concept to the detection and imaging of H,O. after cardiac ischemia-reperfusion
injury. The suggested H,0, ACPP uses a H,0; self-immolative linker moiety to which the cell
penetrating polycationic peptide and the polyanionic peptide are conjugated. H,O,-triggering
initiates self-immolation of the linker, and thereby releases the polycationic cell penetrating
peptide in H,0,-producing tissues. This H,O, ACPP probe is currently in development.

Finally, Chapter 8 concludes with a general discussion on the preceding chapters, followed
by some future perspectives of activatable cell penetrating peptide imaging probes.
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