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Abstract

Gas filled microbubbles (MBs) stabilized by a shell (e.g. lipids) are
commonly used as ultrasound (US) contrast agents. Attaching biomolecules to the
surface of MBs allows for molecular US imaging of various diseases. With the
increased interest in targeted US imaging, new platforms to prepare disease-
targeted MBs are necessary. Furthermore, attaching signaling agents to MBs
creates multi-modal imaging opportunities, enhancing visualization and

quantification of disease biomarkers.

In this thesis, MBs labeled with *™Tc and/or rhodamine dye by taking
advantage of the strong interaction between biotin and streptavidin are reported.
Radiolabeling of MBs was achieved in good radiochemical yield (~ 30%). **™Tc-
labeled MBs were targeted to vascular endothelial growth factor receptor 2
(VEGFR2) using an anti-VEGFR2 antibody and to prostate specific membrane
antigen (PSMA) using small-molecule based PSMA inhibitors. In vitro
evaluations showed successful binding of MBs to the target while in vivo

targeting assessments were unsuccessful.

New strategies to target MBs to the site of interest were then developed
through the use of the bioorthogonal reaction between tetrazine (Tz) and trans-
cyclooctene (TCO). A biotinylated derivative of Tz was loaded on streptavidin
coated MBs to create a Tz-derivatized MB (MBr,). Targeting MBr, to

extracellular markers of cancer such as VEGFR2, PSMA and urokinase
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plasminogen activator receptor (uPAR) in vitro was achieved using TCO-
conjugated antibodies. /n vivo targeting was successful for VEGFR2 and PSMA,

but not uPAR.

Translating the new strategy to other US contrast agents was then
investigated. Gas vesicles (GVs) produced in halobacteria were conjugated with
TCO using amide-coupling chemistry. A **"Tc-labeled derivative of Tz was
loaded on TCO-GVs (RCY= 59%) and their distribution assessed by SPECT/CT
imaging and ex vivo tissue counting. Having established a convenient platform to
conjugate molecules to GVs and MBs, future work focuses on developing a new

generation of human compatible molecular US imaging probes.
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binding to TCO-antiVEGFR2-tagged H520 cells. MBr,= tetrazine-
functionalized MBs; MBy= MBs functionalized with biotinylated
antiVEGFR2;”) MB¢= unmodified MBs (MicroMarker™ target-ready
contrast agents, VisualSonics). Area measurements were determined using
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administered with TCO-antiVEGFR2; and b) the same model without
antibody; ¢) A431 human epidermoid carcinoma tumor (VEGFR2(-)) pre-
administered with TCO-antiVEGFR2. Images of SKOV-3 murine tumor
models following administration of d) MBy; and e) MB¢ with pre-
administered TCO-antiVEGFR2. Regions of interest were based on the
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Figure 4.1 a) Schematic illustrating the cyclo-addition product obtained when
reacting MBr, with TCO-conjugated PSMA antibody (TCO-anti-PSMA)
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PSMA cells with pre-targeting (d) or control MB¢ (no Tz) with pre-targeting
(f); * statistically significant (p < 0.001). The MB¢ control (f) was not
significantly different (p > 0.05) from other controls (c,d,e). Statistical
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was exposed to cells pre-incubated with TCO-anti-uPAR for 30min and (b)
where MBr, was first incubated with TCO-anti-uPAR for 20 min (MBr,.1co.
anti-pAR) before exposure to A431 cells. Binding of MBr, in both (a) and (b)
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tetrazine-functionalized MBs; MBr,.1co-antiupar= MBrt, incubated with TCO-
anti-uPAR for 20 min; MBc= unmodified MBs (MicroMarker™ target-ready
contrast agents, VisualSonics). Area measurements were determined using
FIJI software. *Statistically significant difference (p < 0.001) relative to both
(a) and (b) (analyzed using one-way ANOVA). .....cccoevviierieeieeniecieeieee 139
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enhancement compared to non-targeted MBs (MBr,, top). dTE= differential
targeted enhanCemMENL. ...........ccueeviieriiieiiiiiieeieeee et 141

Figure 5.7 Transverse colour-coded parametric images overlaid on a nonlinear
contrast mode ultrasound image acquired 4 min after intravenous
administration of either MBr, to 231/LM2-4 xenograft tumour mouse model
(top) or MBr,rco-anti-upar to the same mouse after clearance of MBry,
(bottom). Qualitatively, the signal enhanced when using the human and
mouse UuPAR-targeted MBs (MBr,1co-antiupar, bottom) showed no
difference in signal enhancement compared to non-targeted MBs (MBr,,
top). dTE= differential targeted enhancement. .............ccceecvierieniieninennnne 141

Figure 5.8 A bar graph representation of the quantified signal enhancement
obtained when using MBs targeted to human uPAR (MBr,1co-anti-uPAR)
versus non-targeted MBs (MBr,). There was no significant difference
between the signal enhancements (analyzed using one-way ANOVA). .... 142

Figure 5.9 A bar graph representation of the quantified signal enhancement
obtained when using MBs targeted to human and mouse uPAR (MBr,-1c0o-anti-
upAR) Versus non-targeted MBs (MBr,). There was no significant difference
between the signal enhancements (analyzed using one-way ANOVA). .... 142

Figure 5.10 Western Blot analysis of uPAR expression in 231/LM2-4 tumour
lysates. uPAR expression in 231/LM2-4 tumour lysates (10 pg of protein)
using a rabbit anti-uPA receptor primary antibody in a 1:100 dilution, an AP-
Goat anti-rabbit IgG (H+L) secondary antibody in a 1:5000 dilution and a
chemiluminescence detection system. 3-actin expression was used as loading

xxil



Ph.D. Thesis — A. Zlitni; McMaster University — Chemistry and Chemical
Biology

control. Top band represents uPAR (70 kDa) while the bottom band
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MBr,, b) Signal enhancement monitoring at 4 min after injection of MBr,.
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1 Chapter 1: Introduction

1.1 Molecular imaging

Molecular imaging (MI) is a rapidly growing field that involves
noninvasively visualizing biochemical changes associated with diseases like
cancer and diabetes in living systems.") MI can be used to improve early
diagnosis of diseases, expedite the evaluation of new treatments and act as a tool
for studying cancer biology in vivo in both animal models and human subjects.!]
Contrast and signaling agents that enable MI by emitting or perturbing signals that
are detected by the appropriate imaging device are highly varied. They include

those derived from small molecules, biomolecules, polymers and nano- or

micron-sized biomaterials.'"!

Several MI modalities exist where each has unique signaling mechanism
and contrast agents. Table 1.1 is a summary of common techniques, which include
magnetic resonance imaging (MRI), single photon emission computed
tomography (SPECT), positron emission tomography (PET), ultrasound (US) and
optical/fluorescent imaging. Each modality has unique advantages and
disadvantages which has resulted in efforts to combine imaging modalities in the

hopes of taking advantage of their strengths and overcoming their limitations.'



Ph.D. Thesis — A. Zlitni; McMaster University — Chemistry and Chemical

Biology

Table 1.1 Summary of the different modalities used in MI and their respective

advantages and disadvantages.”

]

Imaging

Signaling or

modality Advantages Disadvantages contrast agent
High spatial resolution Operator dependency
High temporal resolution e o _no o
Us Targeted imaging limited Microbubbles
a g ] to vascular compartment
Real-time imaging
Low cost Limited depth penetration
High spatial resolution Cost
. . L Paramagnetic
MRI High depth penetration Imaging time agents
High soft tissue contrast Low sensitivity
High sensitivity Cost
SPECT/PET e Erptin perEiEion Limited spatial resolution ~ Radioisotopes
Bro.a canceiefipiokes No anatomical definition
available
High sensitivity L1m1tec! clinical
S : translation Fluorescent
Optical imaging dyes

Broad range of probes

Limited depth penetration

1.2 Ultrasound Imaging

Because of its relative low cost, availability and portability, US imaging is
the second most widely used imaging technique in medicine."* It allows for real-
time imaging without exposing patients to radiation. In US imaging, US pulses
are transmitted from a transducer that is placed on the skin. The pulses of US

waves travel through the different structures in the body where it gets partially
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reflected or scattered. The US transducer subsequently detects a portion of the
scattered sound waves and converts them into electrical pulses. 2D US images are
then generated from the digitized electrical pulses.'”! US imaging has been widely
used as a preliminary screening tool and for quick follow-up examinations from

multiple disciplines including cardiology, oncology and gynecology.”!

Applications of US imaging have traditionally focused on generating
anatomical information. This has spurred on the development of echogenic
contrast agents, which include gas-filled microbubbles (MBs), to amplify the US
signal associated with a physical or biochemical process (e.g. blood flow, receptor
expression). MBs have several orders of magnitude higher US reflective
properties than blood, which improves the performance and sensitivity of US
imaging.”® For example, MBs in conjunction with US made it feasible to use US
to generate images associated with functional and molecular vascular
characteristics including detecting and characterizing focal liver lesions,”
contrast echocardiography'™ and evaluating cerebral circulation for stroke™ and

brain death diagnosis.!'”’

1.3 Microbubbles

MBs are contrast agents used for US imaging that amplify the US signal
by interacting with the US waves. Once exposed to US, MBs start to oscillate
reflecting the US waves and producing harmonic signals. Using contrast-imaging

technologies (e.g. amplitude modulation or pulse inversion) the harmonic signals
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produced by surrounding tissue can be greatly reduced compared to that from

MBs. This drastically decreases the background noise and makes it feasible to

quantify the signal coming from just the MBs (Figure 1.1 and 1.2).l'"!%!

:// US waves Skin

O Microbubbles \ Reflected signal

Figure 1.1 Schematic illustrating MBs reflecting US waves produced from a

transducer in vivo.

Figure 1.2 Nonlinear contrast mode US image of a subcutaneous A431 human
epidermoid carcinoma tumour in a mouse before administering MBs (a) and after
MBs injection via the tail vein (b). Higher US signal enhancement is observed

within the tumour after administering the MBs. Tumour margins are highlighted
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with the red line.”

MBs are typically composed of gas particles less than 10 pm in diameter
surrounded by a highly condensed monolayer. The first generation of MBs did not
have a stabilizing shell resulting in their larger size and short circulation time
(seconds). Second generation agents consist of air filled bubbles stabilized by a
shell that is lipid, protein or polymer based. These bubbles have a better size
distribution but have limited circulation time (less than 5 min). This was improved
in the third generation of MBs where the gas core was replaced with an inert gas,
mainly perfluorocarbons, which increased their stability and circulation time (up

to 15 min)!"*! (Table 1.2).

: Zlitni, A. Valliant, J.F. Unpublished results.
5
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Table 1.2 Summary of the different generations of MBs used in the clinic, their

composition and manufacturer.!>"*!
Generation Microbubble Company Gas core Shell
First Echovist” Schering AG Air None
Second Levovist” Schering AG Air Galactose and PA
Albunex® Molecular Air HSA
Biosystems Inc.
Third Optison®** GE Healthcare C;Fg HSA
SonoVue™" Bracco SF¢ DSPC/DPPG/PA
Diagnostic Inc.
Definity"" Bristol-Myers CsFg DPPC/DPPA/MPEG
Squibb Medical 5000-DPPE
Imaging
Imagent®“ Alliance Pharm. CgF14/Nitrogen DMPC
Corp.
Sonazoid™"” GE Healthcare C4F0 Hydrogenated egg
phosphatidylserine

**FDA approved for clinical use. PA: palmitic acid; HSA: human serum albumin;
DSPC: Distearoyl phosphatidylcholine; DPPG: Dipalmitoyl phosphatidylglycerol;
DPPC: Dipalmitoyl phosphatidylcholine; DPPA: Dipalmitoyl phosphoric acid,
DMPC: Dimyristoyl phosphatidylcholine; MPEG5000-DPPE: Polyethyleneglycol

5000-Dipalmitoyl phosphatidylethanolamine.

1.4 Molecular US imaging

New generation of MBs that are targeted to markers expressed on the
surface of endothelial cells of diseases such as angiogenesis and inflammation
further expanded the utility of US to include molecular imaging applications.*! In

order to differentiate between the signal obtained from bound MBs compared to
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that from circulating MBs, sequences such as the destruction replenishment
sequence should be used.”! MBs are targeted to the site of disease by linking a
biomolecule to the surface, which is designed to bind a specific biomarker at the
site of the disease or injury (Figure 1.3). Due to their size, MBs are restricted to
the vascular space; making them only capable to target markers expressed on the

surface of the vascular endothelium.!'®

This limitation notwithstanding, US
imaging can detect MBs in high specificity and sensitivity, producing images that
provide useful information on the expression levels of key biomarkers.'®’
Furthermore, targeted MBs have shown potential to be used as vehicles for

delivering therapeutics to the site of the disease.!"!

Consequently, the
combination of targeted drug loaded MBs and US imaging represents a

combination therapeutic and diagnostic tool (“theranostic”).
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.+S+'—>%

MBs Linker Biomolecule Targeted MBs

m:@ NETE S

w@’@ l‘és'z\
A s oA

é Endothelial cells Diseased cells TMarker of disease

Figure 1.3 Schematic representation of the components of targeted MBs and their

binding to biomarkers expressed on the endothelium.

1.4.1 Methods of preparing targeted MBs

Several strategies have been developed to target MBs.!'*'®) One approach
involves adding a targeting ligand to the shell component(s) before formulating
the MBs. This approach maximizes product yield and ensures purity because
every step in the process is performed separately. However, it is mostly suited for
small organic targeting ligands (e.g. peptides, carbohydrates, vitamins and

hormones).

A second strategy involves formulating the MBs followed by attaching a

8
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targeting ligand to the surface. This approach is best suited for ligands that would
be sensitive to the conditions needed to prepare MBs (e.g. sonication, high-speed
mixing, elevated temperatures). The ligand can be attached to the surface of the
MBs through covalent or non-covalent binding. The latter typically relies on the
well-characterized biotin-streptavidin interaction which has a dissociation
constant (Kg) of ~10™"° M.I'"'® In this approach, biotin is first attached to the
lipids of the MB’s shell. Excess streptavidin is then added to the MBs mixture and
binds to the biotin on the shell. After incubation, any non-bound streptavidin can
be removed by low-speed centrifugation. The biotinylated ligand of interest is
then added and binds to streptavidin on the surface of the MBs. The popularity of
this approach is due to its ease and general applicability since biotin can be
readily anchored to wvarious ligands and streptavidin-coated MBs are
commercially available. Unfortunately, it is not used in clinical settings due to the
potential immunogenic response upon administration of a foreign protein

(streptavidin).['®"!

The need for multiple centrifugation steps under sterile
conditions can also be technically challenging in the clinic.!"*! It is however an
ideal method for developing preclinical probes where the use of US is increasing

as a result of the development of high resolution scanners for small animal

imaging.

To covalently link targeting ligands to preformed MBs it is possible to use

a lipid derivative containing a terminal carboxylic acid within the MBs shell to
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link to a free amino group of a ligand of interest. This can be achieved through

carbodiimide chemistry*”

or by activating the free carboxyl group to an N-
hydroxysulfosuccinimide (active) ester.*'! The main drawback of these two

approaches is low surface functionalization yield and variability in overall

yield.!*"

An alternate covalent approach relies on the preparation of MBs coated
with maleimides. This way, targeting ligands having free thiol groups can be
readily conjugated by forming a stable thioether bond.”” This method has shown
promise since the number of side reactions is very low and oxidation of the thiol

groups is negligible especially under a perfluorocarbon atmosphere.!'®

1.4.2 Criteria for molecular US imaging agents

There are several requirements that must be satisfied to create effective
targeted molecular US imaging agents. The target of interest should be
extracellular and expressed in high numbers compared to normal tissue. In
addition, to use US to monitor the effect of treatment, the expression levels of the
target must be significantly altered after therapy. A third key criterion is that in
order for the contrast agent to overcome the effect of shear forces found in
capillaries, it is essential that the targeting molecule when conjugated bind rapidly
and strongly to the target with high specificity. Finally, because MBs do not
extravasate, they can only target markers expressed on endothelial cells limiting

the number of possible targets.[23 24

10
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1.4.3 Intravascular markers for targeted molecular US imaging

The effectiveness of targeted molecular US imaging in detecting and
monitoring different types of diseases such as inflammation and cancer has been
reported. In inflammation, various diseases which include inflammatory bowl
disease, myocardial ischemia, atherosclerosis and in cardiac transplant rejection

were monitored by detecting key biomarkers such as P and E selectin,*>*”]

[28]

mucosal addressin cellular adhesion molecule-1 (Mad-CAM-1),""" vascular cell

adhesion molecule-1 (VCAM-1)*"! and intercellular adhesion molecule-1 (ICAM-
1).”” In oncology, expression levels of several markers of angiogenesis such as
vascular endothelial growth factor receptor 2 (VEGFR2), integrin (i.e. ayf3) and
endoglin (CD105) have been explored. The detection of these markers using US

targeted MBs was evaluated using multiple cancer types such as ovarian,”'™’]

[34,35 [37 38]

prostate, ! breast,?® liver,?” colon™® and pancreatic cancer.”** Another
target that was explored using targeted US imaging was prostate specific
membrane antigen (PSMA), which is a glycoprotein expressed on the surface of

prostate carcinomas. [41.42]

1.4.4 Translation of targeted molecular US imaging agents to the clinic

To date, most of the preclinical assessments done on targeted MBs were
prepared by taking advantage of the streptavidin-biotin interaction. Although this
approach is amenable to develop MBs targeted to different sites, such strategy

cannot be used in the clinic as mentioned in section 1.4.1. Another more clinically

11
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translatable strategy was focused on directly attaching the MB’s shell to the
targeting moiety.'® The problem with this strategy is that it requires long
development pathways that demand major modifications on both the shell of the
MBs and the targeting moiety. This makes targeted MBs production inconsistent

and hard to translate to new targets.

There is one targeted MB (BRS55) currently in clinical trials. BR55
consists of a heterodimeric peptide that binds to mouse and human VEGFR2 that
is covalently linked to a phospholipid MBs shell.**! Preclinical assessment of this

agent showed high retention of these MBs in tumour vasculature of prostate

[34] [44]

cancer and two different breast cancer xenografts. Furthermore,
accompanying BRS55 with US imaging provided the ability to monitor
antiangiogenic therapy in a human colon cancer mouse xenograft with high

sensitivity."”! In 2013, BR55 completed preliminary phase O clinical trials in

[46] [47]

Europe for the detection of prostate cancer,” ovarian and breast cancer.

Currently BR5S5 is being tested in phase 1 and 2 trials at Stanford University for

the assessment of prostate cancer./**!

BR55 is specific to VEGFR2 therefore to create US MBs against other
targets would require re-starting an entirely new development effort that is time
consuming and expensive. There is consequently, a need to provide a more
versatile and efficient synthetic strategy built from a common platform to prepare

human compatible targeted MBs. Ideally the new methodology would be able to

12
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produce one type of MBs that can be adapted with minimal modification for

binding to different targets.

1.5 Thesis Overview

The first objective was to develop a platform to prepare and evaluate
targeted multi-modal MBs (Chapter 2). The initial effort focused on creating
agents that could be used with US, SPECT and optical imaging. Multi-modal
imaging can help overcome the limitations of the individual imaging modality and
help expedite the evaluation of MBs in vivo, notably their overall distribution and
ability to bind the target of interest. These efforts, which ran into challenges,
resulted in a new objective, which was to use bioorthogonal chemistry to create a
new platform technology to functionalize and target MBs. The development of
this strategy and demonstration of its ability to target MBs to VEGFR2 is
described in Chapter 3. Further exploitation and optimization of the chemistry for
creating MBs capable of binding oncology markers PSMA and uPAR are

described in Chapters 4 and 5.

For the proof of concept work, the research focused on using biotin and
streptavidin as a means to derivatize MBs. This pathway was chosen to be able to
provide an expedient approach to test new functionalization strategies using
commercially available streptavidin-coated MBs (MicroMarker™ Target-Ready
Contrast Agent Kit, VisualSonics Inc., Toronto, Canada). In addition,

streptavidin-coated MBs have been used to create other classes of targeted

13
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MBs, ™! providing the opportunity to compare new protocols to US data using
MBs prepared by traditional bioconjugation strategies. Initial attempts to adapt the
new chemistry to create human-compatible US contrast agents is also presented

(Chapter 6).

14
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2 Chapter 2: The Development and Evaluation of Multi-

Modal MBs for SPECT, Optical and US Imaging

2.1 Introduction

There is increased interest in combining MI modalities in order to take
advantage of their strengths and overcome the limitation of each individual
technology. A common example of multi-modal imaging is the combination of
positron emission tomography and computed tomography (PET-CT), where the
nuclear component (PET) gives functional information while CT provides
anatomical referencing.!'! With the arrival of new hybrid imaging methods, there
has been concomitant interest in developing hybrid imaging probes; one agent that

can generate different types of contrast signals.

Different multi-modal US imaging probes have been developed and used
for US-MRIL** US-optical! or US-nuclear imaging.'®” To our knowledge, a
tri-modal SPECT-US-optical agent has not been reported. Tagging the MBs with
a radioisotope creates the opportunity to assess their distribution and ultimate fate
in vivo (through SPECT or PET whole-body imaging and ex vivo tissue counting).
Having a fluorescent dye ligated to the MBs would provide a way of studying

binding to specific cellular markers using optical methods.

In this chapter, the preparation, purification and evaluation of MBs labeled

with *™Tc are reported. Specifically, a series of known and novel biotinylated
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derivatives of bifunctional radiometal chelates, fluorophores and biomolecules
were synthesized and linked to the surface of streptavidin-coated MBs.
Subsequently, the optimal radiolabeling conditions were developed along with
new ways to ligate MBs to targeting vectors. The in vitro and in vivo evaluation of

the targeted and non-targeted multi-modal MBs was also performed.

2.1.1 Single photon emission computed tomography (SPECT)

Single photon emission computed tomography is an imaging technique
that employs gamma (y) emitting radionuclides (Table 2.1). It is composed of a
camera that detects y-rays emitted from the radionuclides at multiple angles over a
360° rotation along the long access of the subject. The collected 2D images are

combined to produce a 3D projection.!

Table 2.1 Examples of y-emitting isotopes used in SPECT imaging

Radioisotope Radiation emitted (Energy keV) Half-life
Pmre y-ray (142) 6 hours
rp y-ray (171 (88%), 247 (94%)) 2.83 days
Ga y-ray (93 (10%), 185 (24%), 296 (22%))  78.3 hours
| y-ray (159) 13.2 hours

2.1.2 Technetium-99m (*™Tc¢) and tridentate chelates
#"T¢ is the most widely used radionuclide for SPECT imaging. It is

available at a low cost, has a half-life of 6 hr and y-ray energy of 140 keV. Its
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radioactive decay imparts lower doses for patients compared to most other

8] 99m 99m

radionuclides.! Tc as *™TcO, can be readily obtained from a Mo generator

in which Mo is absorbed onto an alumina column as MoOy". It then decays to

99m

pertechnetate (" IcOs ) and is eluted with a dilute saline solution on a daily

basis.[”1¥]

Directly labeling targeting vectors with **™Tc is not an effective way to
make molecular imaging probes. This is because the stability of the product is not
typically sufficient to stay intact in vivo and multiple products are often formed
during labeling. This issue is addressed by using a bifunctional chelator (BFC). A
BFC possesses donor groups for binding the metal and another functionality for
linking to targeting vectors. One of the most widely investigated oxidation states
of Tc is Tc(I) because it forms inert complexes with tridentate chelates.
[*™Tc(CO)3(H20)3]" can be prepared from *TcO4 using an instant kit in
minutes.”®! For the *™Tc(CO);" core, tridentate chelators with heterocyclic donors
form stable complexes in high yield."” One successful example of a Te(I) BFC is
the single amino acid chelate (SAAC) system, which was prepared from lysine so
that it could be incorporated into peptide and other classes of targeting vectors

(Figure 2.1).1'!

23



Ph.D. Thesis — A. Zlitni; McMaster University — Chemistry and Chemical
Biology

0]
FmocHNJJ\OH

Xy N—~F
N N

Figure 2.1 Structure of the first Single Amino Acid Chelate (SAAC)

2.1.3 Objectives

Our group reported a method to label US MBs with **™Tc¢ and purify the
product using a magnet capture strategy in order to quantitatively study MBs
distribution through in vivo imaging or ex vivo tissue counting.!'?! The initial goal
was to repeat the synthesis and then develop a more versatile and robust platform

99m;

for linking the ~"Tc-SAAC system, optical dyes and targeting vectors to US

contrast agents.

Subsequently, a solid-phase synthesis method was created to prepare a
biotinylated bifunctional chelate that can be linked to an optical dye and/or
targeting vectors for conjugation to MBs. Once prepared, a detailed analysis of
the loading capacity on these MBs was conducted in order to determine which of
two possible tagging strategies was most feasible: 1) Tagging bubbles with a
biotinylated targeting vector and a chelate derivative (parallel tagging strategy), or
2) Tagging with a single biotinylated compound containing both the targeting

vector and signaling agent (integrated tagging strategy, Figure 2.2).
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Figure 2.2 Schematic showing the two strategies used to prepare targeted and

radio- or fluorescently labeled MBs.

2.2 Preparation and evaluation of non-targeted multi-modal MBs

2.2.1 Strategy

The initial goal was to repeat the synthesis of the biotinylated bis-pyridyl
derivative 8 and the magnetic purification strategy to isolate labeled MBs.['"* In
parallel, an alternative synthetic route to prepare the same ligand was investigated
in hopes to improve the yield of the final product that previously was low.
Unfortunately, original routes to synthesize compound 8 (Scheme 2.1 and 2.2)
were low yielding. It also did not allow for simple methods to incorporate other
chelates, targeting vectors or different contrast agents. To address these issues, a
new method using solid-phase synthesis was explored whereby a resin-bound

biotin group was linked to the SAAC chelate and other ligands through a
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hydrophilic spacer. The approach, which is described in detail below (Scheme
2.4), resulted in the synthesis of a biotinylated derivative linked, through a PEG
spacer, to a rhodamine dye and SAAC ligand. This new synthetic route was high

yielding and provided a platform to prepare multi-modal biotinylated derivatives.

2.2.2 Synthesis of Biotinylamido-propyl(dipicolyl)amine (L1) (8)

Compound 8 (Scheme 2.1) was prepared by modifying the procedure
reported by our group."’! Dipicolylpropylphtalimide 3 was prepared through a
nucleophilic substitution reaction between bromo-propyl phthalimide 1 and
dipicolyl amine 2 using sodium carbonate as a base. The reaction was monitored
with TLC and electrospray ionization mass spectrometry (ESI-MS) until no
further starting material was observed. The desired product was isolated by
column chromatography in 50% yield. The phtalimide group in 3 was then
removed using hydrazine monohydrate and any side products were extracted with
chloroform during the work up. The pH of the aqueous layer, which contained
compound 4, was then adjusted by adding sodium hydroxide and 4 was extracted
with chloroform and purified through column chromatography. Biotin-TFP-ester
7 was prepared in 95% yield following the literature method"* and then treated
with 4 in DMF using triethylamine as a base. Following evaporation of the
solvent, the produced solid was dissolved in DCM, and resulting ether induced
precipitate was collected by filtration and dried under vacuum. Compound 8 was

purified by column chromatography and isolated in 63% yield. '"H NMR and ESI-
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MS agreed with literature values.
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Scheme 2.1 Synthesis of L1 8

2.2.3 Synthesis of Re-L1 (16)

Compound 16 was prepared by treating 1,3-diaminopropane 9 with one
equivalent of tert-butylphenylcarbonate 10 (Scheme 2.2)."*! The bispyridyl
chelate 13 was then obtained through a reductive amination reaction in which the
monoprotected diamine 11 was treated with 2-pyridine-carboxaldehyde 12 in the
presence of a reducing agent (NaBH(OAc);). After 16 hr and an aqueous work up
to remove any excess of starting material, compound 13 was isolated in 67% yield
by extraction with DCM and column chromatography. Compound 14 was then
prepared in quantitative yield by heating a solution of 13 and [Re(CO)3(H,0);]Br

to reflux for 4 hr and monitoring the reaction by ESI-MS. The Boc protecting
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group in 14 was removed by mixing in a 1:1 TFA:DCM mixture for 4 hr at room
temperature. Compound 15 was finally reacted with biotin-TFP-ester 7 using TEA

as a base and the final product 16 was obtained in 53% yield after purification.

0_0 o
AN~ \r _ EOH
HoN NH
2 2 * (/ TI/ 7< reflux overnight HZN/\/\HJ\O><
18%

9 10 1

>l\ JCL /_@ ﬁ\ i /—@
NaBH(OAc)s T T e T .

1"+ | AN H ————> H — > H \;*/CO
acetic acid reflux Re
Z N N co
7 3 ACN/H,O 7 l

67% 7 hours

12 13 14

D O
HoN N HN\@M N

14 L \" +/CO 4> \ CO
DCM Re R
o NEt; / DMF ~co
4 hours VRN éo overnight (50°C) 7 \ l
— 53% —
15 16

Scheme 2.2 Synthesis of Re-L1 16

2.2.4 Synthesis of **"™Tc-L1 (17)

Synthesis of *™Tc-L1 17 was prepared by modifying the procedure
reported by our group (Scheme 2.3)."" Compound 8 was dissolved in EtOH and
added to a microwave vial containing a solution of [**™Tc(CO)3(H,0):]" in saline.
The reaction mixture was heated to 110 °C for 5 min, then purified by semi-
preparative HPLC and collected. The radiochemical yield obtained was 95%
compared to > 99% that was obtained in the literature, which may have been due

to loss during HPLC purification.!"”! To confirm the identity of 17, a co-injection
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with Re-L1 14 into the HPLC was conducted showing the two compounds eluted

at the same time (Figure 2.3).

N [*9™Tc(CO)3(H20)3]*

H 4>
S MW at 110°C, 5min
Y N
L 95%

Scheme 2.3 Synthesis of ™Tc-L1 17
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Figure 2.3 Top: HPLC-UV chromatogram of the co-injected Re-L1 and bottom:

HPLC-y chromatogram of purified *™Tc-L1.
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2.2.5 Labeling MBs with **"Tc-L1

Streptavidin coated MBs containing a perfluorocarbon gas core were
reconstituted following the manufacturer’s instructions. Compound 17 was
introduced to the MBs dropwise and the vial allowed to sit at room temperature
with periodic agitation for 45 min. Excess 17 was removed by adding streptavidin
coated magnetic beads for 20 min and separation was done by placing the vial
beside a magnet. For quality control, a sample before and after the magnetic bead
purification was diluted in 100 pL of saline, sonicated until the solution became
clear and analyzed through a HiTrap size exclusion cartridge connected to an

HPLC where the radiochemical yield was 38% (Figure 2.4).

30



Ph.D. Thesis — A. Zlitni; McMaster University — Chemistry and Chemical
Biology

100
95 1

y-trace crude reaction

mV

50

0 2 4 6 8

1200
y-trace after purification
1000 A
800

> J
E 600 No free ligand

400 - ‘Z
200 -

time (min)

Figure 2.4 Analysis of MBs with a HiTrap size-exclusion cartridge attached to an

HPLC. Top: HPLC-y chromatogram of crude reaction mixture containing **™T

L1-MBs and free *’"Tc-L1. Bottom: HPLC-y chromatogram of *Tc-L1-MBs

C-

after magnetic bead purification. Due to injecting a small amount of the crude

mixture, the top y-trace shows significant background noise.

2.2.6 Synthesis of SAACBiotinTAMRA (19) (D1) and
ReSAACBiotinTAMRA (20) (Re-D1)
As mentioned in section 2.2.1, a new approach was needed to prepare
multi-ligand based biotin derivatives. To this end commercially available biotin-

PEG-Novatag resin 18 was used to prepare compound 19 through solid phase
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peptide synthesis. The use of solid phase synthesis was necessary to reduce the
purification steps required in liquid phase synthesis that drastically reduced the
overall yield of the product. The reaction started by removing the Fmoc group on
the resin using 20% piperidine in DMF. The deprotection was visualized by TLC
using the Kaiser test.'” After washing the resin with DMF, DCM and DMF,
FmocSAAC-lysine was activated by HATU in the presence of DIPEA in DMF
and added to the resin. Following the removal of the next Fmoc group and
washing the resin, TAMRA activated by HOAt and DIC in DMF was added. The
resin was then washed, dried and kept overnight in a desiccator under vacuum.
Compound 19 was then cleaved and released from the resin using a mixture of
TFA/H,O/TIPS and was precipitated in cold TBME and the product isolated in
91% yield (Scheme 2.4). Re-D1 20 (Figure 2.5) was prepared according to the

(6] .

same scheme using Re-Fmoc-SAAC-Lysine in place of FmocSAAC-lysine" ™ in

76% yield.

|\ N— ~
N ’ \N\|
L
2

e
7 1 ~>co
oC co

Figure 2.5 Structure of Re-D1 20
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Scheme 2.4 Synthesis of D1 19

2.2.7 Synthesis of " TcSAACBiotinTAMRA (21) (™ Tc-D1)

#"Te-D1 was prepared at two different temperatures. The microwave-
assisted reaction (76% yield) was significantly faster and had better yields
compared to the one conducted at room temperature (63% yield) (Scheme 2.5).
When the reaction was conducted in aqueous solution, the reaction yield was
considerably lower (20%) but in the presence of 30% ethanol the reaction yields

improved (76%). The identity of *’™Tc-D1 was confirmed by HPLC via a co-
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injection with the cold standard (Re-D1) where both compounds eluted at the

same time (Figure 2.6).

The analytical HPLC gamma chromatogram for ™ Tc-D1 showed a small
peak that is likely associated with the oxidized form of biotin. To confirm this, an
oxidizing agent (10 uL of peracetic acid) was added to the purified **"Tc-D1 (100
puL), and after 1 hr the mixture was analyzed by HPLC. The chromatogram
showed a decrease of the peak associated with *™Tc-D1 (R, = 12.4 min) and three
new peaks that are likely D-biotinsulfoxide, L-biotinsulfoxide and biotinsulfone

18] derivatives of 21 (Figure 2.7).
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Figure 2.6 Top: HPLC-UV chromatogram of the co-injected Re-D1 and bottom:
HPLC-y chromatogram of purified **"Tc-D1.
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Figure 2.7 Top: HPLC-UV chromatogram of Re-D1, middle: HPLC-y

chromatogram of purified *"Tc-D1 and bottom: HPLC-y chromatogram of

#™Tc-D1 after 60 min incubation with peracetic acid.

2.2.8 Labeling MBs with **"Tc-D1
MBs were labeled with **"Tc-D1 and purified following the same

procedure developed for *"Tc-L1-MBs preparation. The labeling of MBs with
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#™Tc-D1 resulted in a radiochemical yield of 30%. The crude reaction mixture

was analyzed using a HiTrap size-exclusion cartridge attached to an HPLC, where
the y-trace showed two broad peaks; the first representing *"Tc-D1-MBs (R, =
2.4 min) while the second is free *™Tc-D1 (R = 5.2 min) (Figure 2.8-top). After
the magnetic bead purification and analyzing the sample in the HPLC, the y-trace
showed one peak associated with ™ Tc-D1-MBs (Figure 2.8-bottom). It is worth
noting that when MBs were incubated with **"Tc-D1 for 2.5 hr and analyzed in

1 99m;

the HPLC, y-trace of the reaction mixture showed no residual ~""'Tc-D1 indicating

labeling was quantitative (Figure 2.9).
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Figure 2.8 Analysis of MBs with a HiTrap size-exclusion cartridge attached to an

99mTC_

HPLC. Top: HPLC-y chromatogram of crude reaction mixture containing
DI1-MBs and free *"Tc-D1 and bottom: HPLC-y chromatogram of **Tc-D1-

MBs after magnetic bead purification.
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Figure 2.9 Analysis of MBs with a HiTrap size-exclusion cartridge attached to an
HPLC. HPLC-y chromatogram of crude reaction mixture after 150 min incubation

time. The y-trace only shows one peak representing **"Tc-D1-MBs.

2.2.9 Fluorescence microscopy of MBs labeled with Re-D1 (20)

Re-D1 was introduced to the reconstituted bubbles dropwise. The vial was
allowed to sit at room temperature with periodic agitation for 45 min. The excess
of Re-D1 was removed using the previously described magnetic bead purification
method. A sample of Re-D1-MBs (10 puL) and unconjugated MBs (MBc¢) was
imaged using an Olympus BX-51 optical microscope fitted with a rhodamine

filter.

When imaging MB¢ under fluorescent microscopy, no fluorescence was
observed (Figure 2.10-left). While after labeling MB¢ with Re-D1 and imaging
under the same settings, a fluorescence signal was clearly evident (Figure 2.10-
right). Furthermore, when comparing the bright-field image of MBc to the

fluorescent image of Re-D1-MBs we find that qualitatively, Re-D1 did not have
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an effect on the shape of the MBs (Figure 2.11).

Figure 2.10 Left: fluorescent microscopy image of MBc before labeling with

ReD1 and right: fluorescent microscopy image of MBc after labeling with Re-D1.
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Figure 2.11 Top: Brightfield microscopy image of MBc before labeling with
ReDI and bottom: fluorescent microscopy image of MBc after labeling with Re-
Dl1.

2.2.10 Coulter counter studies

To assess the effect of labeling and magnetic bead purification procedure
on MBs stability in a more quantitative manner, a Coulter counter study was
initiated. As a control, a mock labeling experiment was conducted where saline
was added to the MBs instead of the ligand. A sample of the MBs solution was
taken, diluted in isotonic saline solution and counted on Z2 coulter counter fitted

with a 50 um aperture using a modified literature procedure.!'” The time points
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chosen represent each step within the labeling and purification of the MBs (Figure

2.12).

After 45 min incubation time, about 50% of the MBs were intact while
after the magnetic bead purification 30% of the original MBs stock were intact.
The purified MBs were left on the bench for 2 hr and counted on the Coulter
counter which showed that 72% of the purified MBs were still intact. The mean
diameter of MBs was shown to be 2.8 £ 0.8 pm. The number of intact MBs
obtained after the labeling and magnetic bead purification was 10.5 x 10’
MBs/100 pL. which is comparable to the amounts previously reported for in vitro
and in vivo studies (5 x 10’ MBs/ 100 uL).*™ Based on those observations, our
platform for labeling and purification of MBs generates enough construct for in

vitro and in vivo studies.

220710° e Reconstituted MBS (t= Omnin;

== After 45 min incubation time
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— 2 hrs after preparation of pure MBs
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Figure 2.12 Representation of the size distribution and concentration
(number/mL) of reconstituted MBs (red), MBs after 45 min incubation time

(green), MBs after the magnetic bead purification (blue) and 2 hr after the
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magnetic bead purification (black).

2.2.11 Testing the feasibility of attaching two different biotinylated-

compounds to the surface of MBs

Before attaching a targeting vector to the surface of MBs in addition to the
signaling agents prepared above, the feasibility and efficiency of attaching two
different biotinylated ligands to the MBs was assessed. More specifically, there is
a need to show the ability to attach the signaling agent with reasonable
radiochemical yield after loading the MBs with a biotinylated compound. To this
end Re-D1 20 was loaded on the MBs to 50% capacity for 45 min and mixture
was divided to 5 equal fractions. Each fraction of Re-D1-MBs was loaded with
PMTe-L1 17 to a 25%, 50%, 75% and 100% loading capacity respectively. After
45 min incubation time with 17, MBs were purified with the magnetic beads and
radiochemical yield was found to be 20%, 14%, 13% and 10% respectively. The
fifth fraction of Re-D1-MBs was loaded with a 60% loading capacity of **™Tc-L1
for 150 min and the radiochemical yield was 35% after one round of magnetic

bead purification.

Looking at the HPLC analysis of all the MBs samples, one round of
purification of the MBs incubated for 45 min with *"Tc-D1 was not sufficient to

99m;

remove all of the free = Tc-D1, so the purification process was repeated (Figure

2.13). While a single round of purification of the MBs that were incubated for 250
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min with *™Tc-D1 was sufficient to get rid of excess **"Tc-D1(Figure 2.14).

The radiochemical yield achieved by Lazarova and coworkers was 30%
after 45 min incubation time and quantitative after 2 hr.'*! Labeling of *™Tc-L1
after preloading the MBs with Re-D1 showed that even in the presence of a non-
radioactive biotinylated standard (which can be replaced by a biotinylated
targeting vector of interest) on the MBs, it is possible to attach two different
biotinylated compounds to the MBs and still have sufficient sites for binding a

radiolabeled ligand.
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Figure 2.13 Analysis of MBs with a HiTrap size-exclusion cartridge attached to
an HPLC. The mixture contained 50% Re-D1 and 50% **™Tc-L1 loaded on MBs
for 45 min. Top: HPLC-y chromatogram of crude reaction mixture containing Re-
D1-"™Tc-L1-MBs and free *"Tc-L1+ Re-D1, middle: HPLC-y chromatogram of
mixture after one purification step and bottom: HPLC-y chromatogram of

mixture after the second purification step showing only one peak representing Re-
D1-""Tc-L1-MBs.
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Figure 2.14 Analysis of MBs with a HiTrap size-exclusion cartridge attached to
an HPLC. The mixture contained 50% Re-D1 and 60% **™Tc-L1 loaded on MBs
for 150 min. Top: HPLC-y chromatogram of crude reaction mixture containing
Re-D1-""Tc-L1-MBs and free **"Tc-L1+ Re-D1, bottom: HPLC-y
chromatogram of mixture after one purification step showing one peak

representing Re-D1-"""Tc-L1-MBs.

2.3 Preparation of targeted multi-modal MBs using the Parallel

Tagging Strategy (PTS)

2.3.1 Vascular Endothelial Growth Factor Receptor 2 (VEGFR?2)
Vascular Endothelial Growth Factor Receptor2 (VEGFR2) is a tyrosine

kinase, which upon activation triggers multiple signaling pathways that contribute
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to angiogenesis.*'! VEGFR2 is overexpressed on tumour cells making it a good
target for tumour angiogenesis imaging and therapeutic intervention.”’! Gambhir
and coworkers reported the biodistribution of MBs that were targeted to VEGFR2
using an anti-VEGFR2 antibody. In this study, the antibody was radiofluorinated

221 where biodistribution

using N-succinimidyl-4-['*F]fluorobenzoate (SFB)!
showed 1.14% ID/g in the tumour at 4 min, 1.35% ID/g at 60 min and rapid
clearance of the radiolabeled antibody from the blood which was 24.5% ID/g at
30 sec, 8.8% ID/g at 4 min and 0.5% ID/g at 60 min."**! Typically, radiolabeled

antibodies have long circulation times where blood levels remain elevated for

more than 3 days (biological half-life > 72 hr).!*’!

The MBs reported by Gambhir and coworkers had the radionuclide
attached to the targeting vector and not the MBs. An alternative and more general
approach involves labeling the MBs directly in concert with a targeting vector. To
demonstrate the feasibility of this approach, VEGFR2-targeted and **"Tc-labeled
MBs were prepared through the Parallel Tagging Strategy (PTS). This was done
by attaching a biotinylated derivative of anti-VEGFR2 antibody to the surface of
the streptavidin-coated MBs followed by the addition of a biotinylated signaling

agent (optical and/or radioactive) (Figure 2.2).

2.3.1.1 Loading study of antiVEGFR2-Biotin on MBs
Before preparing the radiolabeled and VEGFR2-targeted MBs, the loading

of the anti-VEGFR2-Biotin on MBs was evaluated. Streptavidin coated MBs were
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reconstituted according to the manufacturers instructions and the solution
containing MBs was divided into 5 equal fractions (100 pL each). To each
fraction different amounts of anti-VEGFR2-biotin was added (0%, 25%, 50%,
75% and 100% MBs loading capacity) and the mixture incubated on a shaker for
30 min at room temperature. FITC-anti-biotin was then added to label any
unbound anti-VEGFR2-biotin and excess FITC-anti-biotin was removed using
biotin coated magnetic beads and a magnet. Fluorescence of the purified material
was measured using a plate reader (excitation at 495 nm, emission at 520 nm) and
the amount of anti-VEGFR2-Biotin not bound to the MBs was quantified using a
calibration curve (Figure 2.15) and the amount of anti-VEGFR2-biotin loaded on

the MBs determined (Figure 2.16).

Not surprisingly, loading of the biotinylated antibody increased with
increasing amounts of antibody added to the MBs. Nevertheless, the loading did
not reach the maximum after 30 min incubation time even when adding 100%
loading capacity, which shows that there are still binding sites on MBs to attach

the signaling agent after 30 min incubation (Figure 2.16).
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Figure 2.15 Plot representation of the relationship between png of FITC-anti-
biotin pre-incubated with anti-VEGFR2-biotin (1:1) and fluorescence intensity.
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Figure 2.16 Comparison of the percent loading of anti-VEGFR2-biotin on MBs

obtained between samples containing different amount of antiVEGFR2-biotin.
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2.3.1.2 Determining VEGFR2-expressing cell lines through western blot
analysis

Prior to evaluating targeted MBs, VEGFR2-expression in a series of
tumour cell lysates was studied through immunoblotting. Briefly, 10 pg of protein
from each cell lysate were loaded on a 10% Mini-PROTEAN TGX Precast gels.
The protein extracts of the cell lysates were fractionated by SDS-PAGE and
electro-transferred to polyvinylidenedifluoride (PVDF) membranes. The PVDF
membrane was incubated with a rabbit anti-VEGFR2 primary antibody in a 1:250
dilution overnight at 4 °C. After washing the membrane with goat anti-rabbit
secondary antibody a chemiluminescent reagent (ECF substrate) was then applied

on the membrane for 5 min and an image collected.

PC3 (human prostate cancer cell line; lane 4), MHH (neuroblastoma
cancer cells; lane 6) and H520 (squamous cell carcinoma; lane 10) had the highest
VEGFR?2 expression levels (Figure 2.17). Looking at the B-actin expression, there
was relatively higher amounts of protein loaded in both MHH and PC3 compared
to the other samples, for that reason H520 cells were chosen to evaluate the

labeled MBs using a flow chamber assay.
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Figure 2.17 Western Blot analysis of VEGFR2 expression in cancer cell lysates.

I

VEGFR2 expression in 9 different cancer cell lysates (10 pg of protein) using a
rabbit anti-VEGFR2 primary antibody in a 1:250 dilution, a goat anti-rabbit
secondary antibody in a 1:5000 dilution and a chemiluminescence detection
system. B-actin expression was used as loading control. VEGFR2 expression

levels were the highest in PC3, MHH and H520 cell lysates.

2.3.1.3 Preparation of VEGFR2-targeted and #m Te-labeled MBs

#"Te-L1 and commercially available biotinylated rat anti-mouse VEGFR2
monoclonal antibody were coupled to streptavidin coated MBs. This was
accomplished by incubating MBs with **Tc-L1 for 15 min then adding the
antibody to the mixture and incubating for an additional 30 min at room

9
temperature. Excess unbound ™

Tc-L1 and antibody were removed by adding
streptavidin coated magnetic beads to the bottom of the solution and incubating

for 45 min followed by separating pure MBs from excess ligand using a magnet.

Control MBs were labeled with *"Tc-L1 and a biotinylated isotype-matched
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control mouse IgG antibody (MBigs). MBs conjugated to #mTc-L1 (MBr) alone
were also prepared following the same procedure described above. Concentration

of MBs used in in vitro experiments ranged from 3-6 x 10° MBs/mL.

2.3.1.4 Parallel plate flow chamber incubation assay

A flow chamber assay system was developed to assess the ability of MBs
conjugates to bind targets of interest. H520 cells were plated in tissue culture
dishes connected to a parallel-plate flow chamber (Figure 2.18). Cells were
washed with PBS before exposure to labeled/targeted MBs (3-6 x 10° MBs). Due
to the buoyancy of MBs, the chamber was inverted and incubation was done for 5
min followed by washing with PBS (1 mL). Cells were lysed in 1% Triton-X at
37 °C for 30 min. The amount of activity in MBs stock solution and in cell lysates
was measured in a gamma counter. Protein content in each sample was
determined using a BCA Pierce protein assay kit and the amount of activity was
normalized to the amount of protein per sample. To further assess the specificity
of the targeted **"Tc-labeled MBy, blocking experiments were conducted
(MBvy*), in which cells were incubated with anti-VEGFR2 (concentration= 30
pg/mL) for 30 min at room temperature prior to flow chamber assay. All
experiments were done in triplicates and data is represented as counts per min

(CPM) per pg of protein (Figure 2.19).

Targeted MBs (MBy) showed significantly higher adherence to the

VEGFR2-expressing cell line (14,640 CPM/pg of protein = 1,319) compared to
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isotype control (MByc) (1,895 CPM/pg of protein + 241) and non-targeted MBs
(MB.) (3,678 CPM/pg of protein + 649). The assay indicated that the binding of
MBs to H520 cells was due to the presence of anti-VEGFR2 and not non-specific
binding. To further show the specificity of the targeted MBs (MBy), H520 cells
were incubated with anti-VEGFR2 for 30 min prior to incubation with MBy

showing low binding after blocking (2,225 CPM/ug of protein + 139) (Figure

2.19).
Cells
<—— Rubber gasket
MB'’s
solution —_ C—O
Flow
chamber

Figure 2.18 Schematic of the parallel plate flow chamber incubation assay setup.
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Figure 2.19 Bar graph representation of *’"Tc-labeled VEGFR2 targeted MBs
binding to H520 cells; data is represented as counts per min (CPM) normalized to
ug of protein found in each sample. MBy= VEGFR2-targeted and **™Tc-labeled
MBs; MBy*= VEGFR2-targeted and **"Tc-labeled MBs where cells were pre-
treated with antiVEGFR2; MBy,c= non-targeted 9MTc_labeled MBs loaded with
IgG Isotype control; MBr.= non-targeted **Tc-labeled MBs.

2.3.1.5 In vivo biodistribution studies of 9" Te-labeled MBs:

After demonstrating the specificity of the *"Tc-labeled MBy to VEGFR2-
expressing cell line in vitro, the next step was to evaluate the construct in vivo.
Firstly, the biodistribution of *"Tc-labeled MBy was assessed in CD1 nude
female mice inoculated with H520 tumour xenografts. Each mouse was
administered with about 370 kBq to 555 kBq of activity (100 uL in 0.09 % saline,
4 x 10" MBs) via tail vein injection. The animals were then euthanized at either 4

min (n= 3) or 60 min (n= 3) and organs were collected, weighed and activity
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counted. A blocking study where an extra set of mice (n= 3) were injected with
125 pg of antiVEGFR2 24 hr before the study was also conducted at the 4 min
time point. The data (Figure 2.20) showed no significant accumulation of **™Tc-
labeled MBy in H520 tumour at either the 4 min nor 60 min time point (0.23
%ID/g = 0.02 and 0.14 %ID/g + 0.06 respectively). In addition, no significant
reduction of activity in the tumour was observed in the blocking study at 4 min
(0.21 %ID/g + 0.02). The general biodistribution of **™Tc-labeled MBy looked
similar between the studies and comparable to the general distribution of non-
targeted **"Tc-labeled MBs (MBr.).!"?! Fast blood clearance of *™Tc-labeled
MBy (5.28 %ID/g + 1.01 at 4 min, 0.61% ID/g at 60 min) was observed which is
comparable to the results observed by Gambhir and coworkers."””! Otherwise at 4
min, high accumulation in the gall bladder (7.11 %ID/g £+ 1.31), liver (42.62
%ID/g + 3.59), lungs (8.82 %ID/g + 1.61) and spleen (70.50 %ID/g = 16.17) were
observed which is likely due to uptake by the reticuloendothelial system

(RES).**
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Figure 2.20 Biodistribution of *"Tc-labeled MBy with and without blocking in
CD1 nude H520 tumour-bearing female mice. Mice (n= 3 per study) were injected
between 370 kBq and 555 kBq and sacrificed at either 4 min or 60 min post
injection. Blocking study was conducted at the 4 min time point where the mice
were injected with 125 pg of antiVEGFR2 24 hr before study. Data are expressed
as percent injected dose per gram of tissue/fluid (%ID/g).

Further in vivo biodistribution studies were conducted to directly compare
between the distribution of VEGFR2-targeted *’"Tc-labeled MBy and non-
targeted *""Tc-labeled MBs (MBr.). Mice (n= 3 per study) were administered
with the same amount of activity (between 370 - 555 kBq) and sacrificed at the 4
min time point. Tissues were collected, weighed, counted for activity and a bar
graph representation of %ID/g was produced (Figure 2.21). No accumulation in
the tumour of either construct was observed; 0.22 %ID/g + 0.09 and 0.24 %ID/g +
0.09 for the targeted and non-targeted MBs respectively. When looking at the

biodistribution of *™Tc-labeled MBs, higher retention in the blood (19.88 %ID/g
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+ 3.28), and accumulation in the lungs (39.30 %ID/g + 7.29) and spleen (72.49

%ID/g + 17.33) were observed.
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Figure 2.21 Biodistribution of VEGFR2-targeted **"Tc-labeled MBy and non-
targeted **"Tc-labeled MBs (MBr.) in CD1 nude H520 tumour-bearing female
mice. Mice (n= 3 per study) were injected with between 370 kBq and 555 kBq
and sacrificed at 4 min post injection. Data are expressed as percent injected dose

per gram of tissue/fluid (%ID/g).

One additional study was conducted using a SKOV-3 xenograft mouse
model which was previously used for targeted US imaging of VEGFR2.*
VEGFR2-targeted **"Tc-labeled MBy were injected in SKOV-3 mouse xenograft
model (n= 3) and allowed to bind for 4 min before sacrificing the animals. The
biodistribution data (Figure 2.22) again showed low accumulation of VEGFR2-
targeted *""Tc-labeled MBy in the SKOV-3 tumour (0.34 %ID/g + 0.03) with

similar distribution to that found in H520 mouse tumour xenograft.
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Figure 2.22 Biodistribution of VEGFR2-targeted **"Tc-labeled MBy in CDI
nude SKOV-3 tumour-bearing female mice. Mice (n= 3 per study) were injected
with activity between 370 kBq and 555 kBq and sacrificed at 4 min post injection.

Data are expressed as percent injected dose per gram of tissue/fluid (%ID/g).

2.3.1.6 Immunostaining analysis of VEGFR2 expression on endothelial cells:
To determine if the low accumulation of VEGFR2-targeted **™Tc-labeled
MBYy in the tumour was due to lack of VEGFR2 expression on endothelial cells,
immunostaining studies were conducted. VEGFR2 was labeled by incubating the
tissue slices with a rat anti-mouse VEGFR2 antibody and visualized using a
fluorescein (FITC)-anti-rat IgG. In parallel the expression of endothelial cells was
assessed by staining for CD31 cells using a rabbit anti-CD31 antibody and Cy5-
conjugated donkey anti-rabbit IgG. To take into account signals coming from
background or non-specific binding of either antibody, both primary antibodies

were substituted with a control rat and rabbit IgG antibody respectively.
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Fluorescent microscopy images (Figure 2.23) showed the expression of
endothelial cells (CD31) and VEGFR2 on SKOV-3 tumour slices. Meanwhile,
H520 tumour slices showed no evident expression of VEGFR2, suggesting that
this model was not suitable for in vivo studies. Nevertheless, the pilot study in the
SKOV-3 tumour model was not successful, concluding that these constructs are

not able to target the site of interest in vivo.

CD31 VEGFR2

SKOV-3

SKOV-3
IgG control

H520

H520
IgG control

Figure 2.23 Immunofluorescence staining images of H520 and SKOV-3 tumour
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tissue after staining for VEGFR2 and CD31. Left column are images visualized
under a Cy5 filter (CD31) while the right column was visualized under a FITC
filter (VEGFR2). All images were captured under the same settings and any
observed fluorescence was qualitatively higher than background and non-specific

binding control (IgG control).

Another attempt to use the parallel tagging strategy to target multi-modal
MBS to the site of disease was conducted. This focused on targeting **"Tc-labeled
MBs to prostate specific membrane antigen (PSMA), a well-studied marker of
prostate cancer. More specifically, the use of a small-molecule targeting vector
instead of a large antibody to target MBs was investigated. Small molecule based
targeting vectors are less expensive and simpler to modify. Furthermore, the
possibility of decreasing any steric hindrance effects by having small molecules
on the surface of MBs instead of antibodies could potentially improve MBs target
binding. This goal resulted in the need to develop a series of biotinylated PSMA-

inhibitors.

2.3.2 Prostate Specific Membrane Antigen (PSMA)

Prostate specific membrane antigen (PSMA) is a 750 residue
transmembrane glycoprotein normally expressed at low levels in prostate, liver,
kidney and brain tissue.”” PSMA is highly expressed in prostate carcinoma as
well as neovasculature in other solid tumours and was shown to be an independent
biomarker for the progression and recurrence of the disease.””? While the specific

function of PSMA in the prostate is not yet understood, it has been shown to offer
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a growth advantage for prostate cancer cells grown in an environment with low
levels of polyglutamated folates. As cells can only take up monoglutamated
folate, the increased expression of PSMA in tumour tissues allows for the
conversion of polyglutamated folates to a form that can be imported into the cell.
PSMA has also been shown to bind monoglutamated folate suggesting a possible
additional role in cell biology.”™ These findings along with the extracellular
localization of PSMA make it an attractive target for the development of

radiopharmaceuticals and other probes for both diagnosis and treatment.

A significant number of small molecule-based inhibitors of PSMA have

3% One prominent class of inhibitors are based on a dipeptide

been reported.|
linked through a urea. More specifically, small molecules with the general
formula Glu-urea-X (where X is a derivatized lysine) were reported and shown to
selectively bind to PSMA with high affinity.”’>"! Several compounds in the series
had good ICsy values in competitive cell binding assays run using LNCaP
(PSMA-) cells. Using this construct, and in collaboration with Dr. Afaf Genady, a
post doctoral fellow in the group, a series of biotin derivatives were conjugated to

Glu-Urea-Lys with varying linkages and spacer lengths in good yields (65-74%)

(Figure 2.24).
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Figure 2.24 Summary of the synthesized biotinylated derivatives of the Glu-Urea-
Lys PSMA inhibitors. Dr. Genady independently prepared compounds b, f, and g.

2.3.2.1 Synthesis of PSMA-Biotin (25)

Glu-Urea-Lys 23" was synthesized by treating 3 equivalents of L-
glutamic acid di-t-Bu ester with triphosgene generating the isocyanate derivative
which was treated with Cbz-Lys-O(t-Bu) and the product isolated by column
chromatography in 45% yield. The Cbz group was removed through
hydrogenolysis generating 23 in quantitative yield (Scheme 2.6). Compound 23

was then treated with biotin-TFP-ester 7 and isolated in 35% yield before
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deprotection using TFA. The final product was purified by HPLC and isolated in

74% yield (Scheme 2.7).
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Scheme 2.6 Synthesis of Glu-Urea-Lys 23
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Scheme 2.7 Synthesis of PSMA-Biotin 25

2.3.2.2 Synthesis of PSMA-PEGs-Biotin (29)
NH,-PEGg-COOH was combined with biotin-TFP-ester 7 in DMF in the

presence of TEA and heating to 50 °C for 24 hr. The mixture was then purified by
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column chromatography and 26 was obtained in 77% yield. Biotinamido-PEGs-
COOH 26 was dissolved in DMF and heated to 80 °C under argon for 10 min.
After cooling the mixture to room temperature, TEA then tetrafluorophenyl
trifluoroacetate were added and stirred for 30 min. Solvents were removed under
vacuum and the crude mixture was directly used in the next step. Biotinamido-
PEGgs-ester 27 was combined with Glu-Urea-Lys 23 in the presence of TEA and
heated at 50°C overnight. Product 28 was isolated in 80% yield and the t-butyl
groups removed using a mixture of TFA and DCM to give 29 in 77% yield

(Scheme 2.8).
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Scheme 2.8 Synthesis of PSMA-PEGg-Biotin 29

2.3.2.3 Synthesis of PSMA-Caproic-Biotin (33)

To introduce a different spacer group, biotin-TFP-ester 7 was coupled to
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6-amino caproic acid in the presence of TEA in DMF at 75 °C under argon
overnight. The mixture was concentrated under vacuum and a white solid formed
which was dried under vacuum overnight prior to washing with THF. The
resulting product 30 was isolated in 91% yield. Compound 30 was then combined
with tetrafluorophenyl trifluoroacetate in the presence of TEA in DMF and
DMSO at 80 °C under argon for 1 hr. Compound 31 was dried, left under
vacuum, purified using a Biotage flash chromatography system and isolated in
96% yield. Finally, biotinamido-caproic-ester 31 was combined with Glu-Urea-
Lys 23 in the presence of TEA at 50 °C overnight, purified using a Biotage flash
system and isolated in 86% yield, whereupon the t-butyl protecting groups were
removed using a mixture of TFA:DCM (1:1). Compound 33 was purified using

semi-preparative HPLC and isolated in 61% yield (Scheme 2.9).
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Scheme 2.9 Synthesis of PSMA-Caproic-Biotin 33

2.3.2.4 Synthesis of PSMA-TAAG-PEGBiotin (36)

A PSMA-inhibitor where a dinitrophenyl group was attached to Glu-Urea-
Lys derivative through a triazole-PEG, linker was synthesized in our group
previously (Figure 2.25).1*! High affinity of this compound to PSMA-expressing
cells was observed (ICsp=15 nM). As a result, a similar compound was prepared
where the dinitrophenyl group was replaced with biotin and TAAG was not
iodinated. To this end, Glu-Urea-Lys 23 was dissolved in MeOH solution before
adding methyl-2-azidoacetate and DIPEA dropwise. The reaction was left to stir
at reflux for 48 hr before removal of solvent and purification using a flash system.

Compound 34 was isolated in 65% yield as an oil. Dr. Genady synthesized a
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derivative of biotin attached to an alkyne through a PEG4 spacer, which was
combined with 34 in a copper catalyzed click reaction. The optimal solvent was
found to be a 1:1 tert-butanol:H,O solution and the reaction was heated to 120 °C
in a microwave in the presence of CuSO4 and sodium ascorbate for 15 min.
Solvent was removed and compound 35 was purified and isolated in 63% yield.
The t-butyl protecting groups were then removed by mixing 35 in a 2:1
TFA:DCM solution and heating at 75 °C for 15 min in a microwave. Finally,
compound 36 was purified using semi-preparative HPLC and isolated in 56%

yield (Scheme 2.10).

NO,

Figure 2.25 Structure of DNP-PEG4-TAAG-PSMA
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Scheme 2.10 Synthesis of PSMA-TAAG-PEGs-Biotin 36

2.3.2.5 LNCaP cell PSMA competition binding assay

This assay was performed with the assistance of Nancy Janzen. LNCaP
cells were plated at 2.1 x 10° cells per well in 24-well plate 2 days before running
the assay. Some wells were incubated with media only to assess the background
binding to the assay plates and tubes. The assay was conducted in triplicate at
each concentration with binding buffer (RPMI, 0.5%BSA). Cells were incubated
for approximately 1 hr with a mixture of 'I-TAAG-PSMA (a previously
developed PSMA inhibitor in the group,[40] Figure 2.26a, 1 nM) and either 0, 0.1,
1, 10, 100, 1000 and 10000 nM of test compound (biotinylated-derivative of the
PSMA inhibitor). As a positive control, the synthesized biotinylated derivatives
were substituted with 2-(phosphonomethyl)pentanedioic acid (PMPA), which is a
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known PSMA inhibitor’®” (Figure 2.26b). Wells without cells were incubated
with 1 nM '"I-TAAG-PSMA to measure any non-specific binding of the
radiolabeled compound. Cells were then resuspended, washed with binding buffer
and the resulting cell pellets after centrifugation lysed using RIPA buffer at 37 °C
for 30 min. Activity in cell lysates were then counted in a gamma counter, dose-

response curves generated and ICsy values calculated (Figure 2.27).

Figure 2.27 is a summary of the dose response curves generated and figure
2.28 contains the structures and calculated ICsy values of the tested biotinylated
PSMA inhibitors. The ICsy values obtained for these compounds were relatively
high compared to the best compounds developed by Maresca and coworkers (ICs
< 20 nM).P"! This was problematic because in order to be able to capture the
relatively large MBs on the surface of PCa, the targeting vector needs to bind to
PSMA quickly and with high affinity. Nevertheless, the compounds with the
highest affinity to PSMA (Figure 2.28 b, d, e and f) were evaluated in the flow

chamber incubation assay.
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Figure 2.26 a) Structure of '’I-TAAG-PSMA; b) Structure of PMPA
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Figure 2.27 Competition binding curve showing the fraction bound as a function
of concentration. The ICsy values of the tested compounds with respect to '*I-
TAAG-PSMA was found to be a) 206 nM; b) 337 nM; ¢) 948 nM; d) 114 nM; e)
126 nM and f) 198 nM.
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Figure 2.28 Summary of the synthesized biotinylated derivatives of the Glu-Urea-
Lys PSMA inhibitor and their calculated 1Csy values after testing in PSMA

competition binding assay.
2.3.2.6 Parallel plate flow chamber incubation assay

99mTC_

The compounds with the highest affinity to PSMA were loaded on
labeled MBs and binding of MBs to PSMA-expressing cells was conducted in a
flow chamber incubation assay. The compound where biotin was directly attached

to the PSMA inhibitor (PSMA-Biotin, Figure 2.28a) was not tested due to the

known need to have a spacer for the inhibitor to reach the 20 A deep active site of
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PSMA 144

Transfected PC3 cells that express PSMA were used instead of the known
LNCaP cells because of their better adhesion to the flow chamber system. Cells
were plated on 35 mm Corning® tissue culture dishes 2 days prior to assay. The
assay was set-up and conducted similarly to that described in section 2.3.1.4.
Activity levels in cells lysates were measured in a gamma counter and protein
content measured using a BCA Pierce protein assay kit. The extent of binding of
MBs was evaluated by normalizing the amount of activity over protein levels
within each sample and represented as counts per min over pg of protein
(CPM/pg). As a control, non-targeted **"Tc-labeled MBs were loaded with a

biotinylated IgG isotype antibody and evaluated.

The extent of binding of the targeted MBs during the flow assay was 10
fold higher for PSMA expressing PC3 cells compared to non-targeted **™Tc-
labeled MBs (Figure 2.29b). When loading the **"Tc-labeled MBs with the
biotinylated PSMA inhibitor with the highest affinity, binding of MBs was the
highest. While MBs loaded with the lowest affinity ligand resulted in the lowest
binding (Figure 2.29b). Unfortunately, when comparing the CPM/ug of protein
found with the best PSMA-binding **"Tc-labeled MBs (10,551 + 4,511 CPM/pg
of protein), the amount of binding was still less than that of *"Tc-labeled MBs to
VEGFR2-expressing cells (14,640 £ 1,319 CPM/ug of protein) (Figure 2.29-b1,

Figure 2.19-MBy respectively). Due to the unsuccessful in vivo studies on the

73



Ph.D. Thesis — A. Zlitni; McMaster University — Chemistry and Chemical
Biology

VEGFR2-targeted **™Tc-labeled MBs, which had higher in vitro binding, future

work with the parallel tagging strategy was terminated and the focus shifted to

other derivatization strategies.
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Figure 2.29 a) Structure of the PSMA inhibitors loaded on *™Tc-labeled MBs

CPM/ug protein

and their respective ICso values. b) Bar graph representation of **™Tc-labeled
MBs binding to PC3 (PSMA +ve) cells; data is represented as counts per min
(CPM) normalized to the amount (ng) of protein found in each sample. (b1-b4)
represents binding of PSMA-targeted **"Tc-labeled MBs loaded with one of the
biotinylated PSMA inhibitors. While b5 represents the binding of non-targeted
#™Tc-labeled MBs loaded with a biotinylated IgG isotype control antibody.
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2.3.3 Assessment of the Parallel Tagging Strategy (PTS)

The PTS where two biotinylated derivatives are loaded on the MBs has
limitations compared to the direct targeting strategy where one biotinylated
derivative has both the signaling agent and targeting vector. One issue with PTS is
the variety of MBs that can result after loading. PTS can result in a mixture of
MBs loaded with just the targeting vector, unconjugated MBs, MBs loaded with
both the targeting vector and signaling agent, and MBs loaded with just the
signaling agent (Figure 2.30). Such outcome could result in reduced target binding
and increased background. This may explain the similar biodistribution results
observed of VEGFR2-targeted **"Tc-labeled MBs and non-targeted **"Tc-labeled
MBs (Figure 2.21). Another major flaw in the PTS is that the amount of targeting
vector per MBs is compromised by the amount of signaling agent present. This
can drastically decrease the capability of the targeted **"Tc-labeled MBs to bind
to the site of interest and overcome the strong shear rates occurring in vivo. While
the PTS provides a simpler strategy for preparing multi-modal MBs, the
drawbacks were not noted in the direct targeting strategy used by Gambhir and
coworkers.™ As a result a different derivatization strategy was explored going
forward that involved the use of bioorthogonal chemistry to promote MBs

functionalization and targeting.
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‘Targeting vector :-1 9mTc ﬂ,i;inylated chelate + Streptavidin

Figure 2.30 Representation of the possible mixture of MBs produced using the
parallel tagging strategy (PTS).
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3.1 Introduction

Ultrasound imaging remains one of the most extensively used medical
imaging methods because of its high spatial and temporal sensitivity, low cost,
portability and accessibility of equipment. Contrast-enhanced ultrasound using
gas-filled microbubbles (MBs) has further enhanced the utility of ultrasound and
created the opportunity to employ biomolecule-targeted derivatives for molecular
imaging applications.!'! We describe here a new approach to ultrasound molecular
imaging that employs the covalent and highly selective capture of functionalized
MBs in vitro and in vivo through bioorthogonal inverse-electron-demand Diels—
Alder reactions. While pretargeting methods for nanometer-sized materials, such
as nanoparticles and liposomes, have been published recently,"”! the work reported
herein is, to our knowledge, the first example of the bioorthogonal capture of
micron-sized materials and the employment of pretargeting strategies for

ultrasound molecular imaging.

Ultrasound contrast agents are generally comprised of an inert gas, such as
a perfluorocarbon, surrounded by a lipid, synthetic polymer, or protein shell. The
traditional approach to targeting MBs, which are typically 1-8 mm in diameter
and therefore restricted to intravascular targets,””! has been to link biomolecules
with a high affinity for a specific protein to the outer shell through covalent bonds
(e.g., amide bonds) or strong noncovalent interactions such as biotin—streptavidin

binding.""! These approaches, which have largely exploited antibody and peptide
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vectors, have demonstrated the ability to selectively localize MBs to sites of

angiogenesis, inflammation, and intravascular thrombus formation."!

Rather than using targeting vectors to localize conjugated prosthetic
groups, new strategies for creating molecular imaging probes are being exploited
that employ pretargeting and bioorthogonal coupling chemistry. Here, a targeting
vector is administered first, allowing time for localization and clearance from
nontarget organs, followed by a fluorescent or radiolabeled coupling partner that
provides a readout for the molecular signal.le The inverse-electron-demand
Diels—Alder reaction between tetrazines and trans-cyclooctene (TCO) is an
example of a highly selective and rapid bioorthogonal coupling reaction that has
been used successfully to prepare targeted nuclear and optical molecular imaging
probes.”! A comparable strategy for localizing MBs has not been reported. Such a
method could offer a way to overcome obstacles to targeting ultrasound contrast
agents whose large size and ability to bind only intravascular targets where blood
flow rates and shear stress are high, make it particularly challenging to achieve
and maintain good contrast in a time-frame that aligns with the limited in vivo

stability of MBs.

To test the feasibility of capturing micron-sized bubbles, a novel tetrazine-
tagged MB (MBr,) was developed, and its reactivity towards cells treated with a
TCO-conjugated anti-vascular endothelial growth factor receptor 2 (VEGFR2)

antibody evaluated (Figure 3.1). VEGFR2 is overexpressed on tumor cells and
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upon activation triggers multiple signaling pathways that contribute to
angiogenesis.'®! The choice of target also allows the use of anti-VEGFR2-tagged
MBs (MBy), which were developed by Rychak, Foster, and co-workers for
evaluation in preclinical models,”! to validate the tetrazine~TCO capture

methodology.
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Figure 3.1 Localizing MBs to tumor cells through pretargeting and bioorthogonal
chemistry between tetrazine-functionalized microbubbles (MBr,) and an

intravascular target (VEGFR2) labeled with a TCO-modified antibody.

3.2 Results and discussion

Tetrazine-functionalized bubbles were prepared using commercially

available streptavidin-coated MBs (MicroMarker™ target-ready contrast agents,
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VisualSonics) and a biotinylated tetrazine. The biotin—tetrazine derivative 5 was
synthesized from biotin in four high-yielding steps (Scheme 3.1). The desired
product was ultimately obtained by coupling commercially available 4-(1,2,4,5-
tetrazin-3-yl)phenyl)methanamine hydrochloride with 6-biotinamidohexanoic
tetrafluorophenyl (TFP) ester (4) at room temperature. After semipreparative
HPLC, compound 5 was isolated in 75% yield and the product was stable in the
freezer for more than six months. The TCO-conjugated antibody (TCO-anti-
VEGFR2) was prepared by combining an excess (20 equiv) of commercially
available (E)-cyclooct-4-enyl-2,5-dioxopyr- rolidin-1-yl carbonate (TCO-NHS)
with antiVEGFR2 (eBioscience) at 4 °C overnight at pH 9.0-9.5. After
purification using a 30 kDa centrifugal filter (Amicon Ultra-0.5) MALDI-TOF

MS showed an average of 2.8 TCO groups per antibody in the product.
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Scheme 3.1 Synthesis of biotin—tetrazine (5). Reagents and conditions: a) 2,3,5,6-
tetrafluorophenyl trifluoroacetate, DMF, TEA, 30 min, 95%; b) 6-amino-hexanoic
acid, DMF, TEA, 75 °C, 12 h, 91%; ¢) 2,3,5,6- tetrafluorophenyl trifluoroacetate,
DMF, DMSO, 80 °C, 1 h, 96%; d) 4- (1,2,4,5-tetrazin-3-yl)phenyl)methanamine
hydrochloride, DMF, TEA, 1 h, 75%. DMF = dimethylformamide, TEA =
triethylamine, DMSO = di-methylsulfoxide.

The derivatized bubbles MBt, and MBy were prepared by adding 5 or
biotinylated antiVEGFR2, respectively, to freshly reconstituted streptavidin-
coated MBs. Isolation of the bubbles from the biotin-containing reagents was
accomplished by treating the solution with streptavidin-coated magnetic beads
(New England Biolabs), which bound residual tetrazine and antibody, followed by
simple magnetic separation.!'”’ We found this approach more convenient than

centrifugation and washing, as it minimizes the amount of direct handling of the
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MBs. The bubbles have 7600 molecules of streptavidin pum™, giving
approximately 6000 molecules pm™ of surface area.”’’ Prior to working with
MBr,, the ability of 5 to bind to VEGFR2-positive H520 cells tagged with TCO—
antiVEGFR2 was evaluated in vitro in direct comparison to a commercially
available biotinylated antiVEGFR2 antibody (biotin—antiVEGFR2). Compound 5
was added to H520 cells that had been incubated with TCO—-antiVEGFR2, and the
extent of tetrazine-TCO conjugation was determined by adding a FITC-labeled
anti-biotin antibody (FITC—antiBiotin) and measuring the arising fluorescence in
cell lysates. As a control, FITC—antiBiotin was added to H520 cells that had been
incubated with a comparable amount of biotin—antiVEGFR2. The tetrazine-TCO
construct (Figure 3.2a) showed effectively identical intensity to direct tagging
with the biotinylated antibody (Figure 3.2b). The binding of 5 and FITC-
antiBiotin to H520 cells in the absence of any VEGFR2 antibodies was measured
and showed significantly lower intensity (Figure 3.2c¢), indicating minimal

nonspecific binding.
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Figure 3.2 Fluorescence intensity of VEGFR2(+) H520 cell lysates obtained
following treatment of cells with a) TCO-antiVEGFR2, 5, then FITC—-antiBiotin;
b) commercially available biotin—antiVEGFR2 and FITC-antiBiotin; and ¢) 5
followed by FITC-antiBiotin. The fluorescence intensity in (a) and (b) were
comparable and statistically different (one-way ANOVA) than the control (c). *p
=0.001.

To evaluate the effectiveness of the tetrazine-TCO capture strategy, MBs
were evaluated initially in vitro under flow conditions (as opposed to simply in
culture) similar to those found in tumor capillaries '"! by using a parallel-plate
flow chamber system (Glycotech, Rockville, Md.). VEGFR2-expressing cells
(H520) and cells lacking VEGFR2 (A431) were incubated with TCO-
antiVEGFR2 30 minutes prior to the assay. Using a syringe pump, cells were
washed with PBS for 2 minutes to remove any unbound antibody, followed by

cither functionalized or unmodified MBs for 4 minutes at a 100 s™ shear rate to
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mimic flow conditions in vivo. To differentiate MBs bound through nonspecific
binding interactions from those retained through the TCO—tetrazine reaction, cells
were subsequently washed with PBS for 2 minutes at a 10-fold increased (1000
s') shear rate. Optical microscopy was used to visualize the plates and videos
were taken during the flow assay and static images for analysis acquired after the

final washing step was completed (see the Supporting Information).

Qualitatively, the tetrazine-modified MBs concentrated to a significant
extent on H520 cells (VEGFR2(+)) that had been pre-incubated with TCO-
antiVEGFR2. The video of the process shows substantially higher retention of
MBs over time compared to cells that had not been treated with the antibody (see
the Supporting Information). A relatively small amount of MBs bound
nonspecifically to the flow chamber during the dynamic component of all assays,
which were removed after the final washing step. Images taken subsequently
exhibited significant retention of MBr, (Figure 3.3a) on TCO-antiVEGFR2-
tagged H520 cells compared to experiments run with untreated cells (Figure 3.3b).
Repeating the study using VEGFR2-negative A431 cells similarly showed little
MBr, retention (Figure 3.3c). To compare with more traditional targeting
strategies, the VEGFR2-targeted MBs were evaluated under identical conditions
and showed com- parable binding to the capture strategy (Figure 3.3d). It was
conceivable that TCO-antiVEGFR2 promote nonspecific binding of the MBs to

the cells. To test this hypothesis, unmodified MBs as a control (MB¢) were
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exposed to H520 cells tagged with TCO-antiVEGFR2 and negligible MB

retention was observed (Figure 3.3¢).

Figure 3.3 Bright-field microscopy images (20 %) showing binding of: a) MBr, to
TCO-antiVEGFR2-tagged H520 cells (VEGFR2(+)); b) MBr, to H520 cells with
no antibody; ¢) MBr, to TCO-antiVEGFR2-tagged A431 cells (VEGFR2(-)); d)
MBy to H520 cells; and e¢) MB¢ to TCO-antiVEGFR2-tagged H520 cells. The
MBs appear as black spheres with select examples highlighted by the white
arrows. MBr,= tetrazine- functionalized MBs; MBy= MBs functionalized with
biotinylated antiVEGFR2;”) MBc= unmodified MBs (MicroMarker™ target-

ready contrast agents, VisualSonics).

A semiquantitative analysis was performed by comparing the area covered
by the MBs (black spheres) in each image to the area covered by the cells
determined using an open-source image processing package.'” Prior to the
analysis, the concentration of the solutions and the sizes of the MBs were
determined using a Coulter counter to ensure comparable test conditions. The

MB¢, MBr,, and MBy concentrations were similar at 5.7 x 10°, 6.9 x 10°, and 9.4
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x 10° MBs mL', respectively, as were the average sizes, at 2.62 + 0.73, 3.11 £
0.85, and 2.68 = 0.73 um, respectively. MB, binding to TCO-antiVEGFR2-
tagged H520 cells (Figure 3.4a) was more than one order of magnitude higher
than its binding to unlabeled cells (Figure 3.4c). Minimal binding of MBc to
TCO—-antiVEGFR2-tagged H520 cells (Figure 3.4e) and MBt, to VEGFR2-
negative TCO-antiVEGFR2-tagged A431 cells (Figure 3.4d) was observed,
which is consistent with the images shown in Figure 3.3. The tetrazine system
exhibited similar binding to the previously reported antiVEGFR2-targeted MBs
(MBy; Figure 3.4b), thus indicating that the pretargeting strategy has at least the

equivalent ability to localize contrast agent to the VEGFR2 target.

0.08 - MBT, +
TCO-antiVEGFR2
MBy B VEGFR2 (+) cells
0.06 - B2 VEGFR2 (-) cells
©
8
5 0.04
m
=
MBT +
0.02 ~ TCO-antVEGFR2 g
TCO-antiVEGFR2
0.00 - —

Figure 3.4 Analysis of the number of MBs bound per cell based on relative area

from the flow chamber adhesion assay following washing. For H520
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(VEGFR2(+)) cells, near-equivalent binding was seen for a) the MBr,-TCO-
antiVEGFR2 system, and b) antiVEGFR2-targeted MBs (MBy). Binding of MBr,
to TCO-antiVEGFR2-tagged H520 cells was significantly higher than with c)
unlabeled cells and d) TCO-antiVEGFR2-tagged A431 (VEGFR2(-)) cells (p =
0.001). e) Unmodified MBs (MB¢) showed minimal binding to TCO-
antiVEGFR2-tagged H520 cells. MBr,= tetrazine-functionalized MBs; MBy=
MBs functionalized with biotinylated antiVEGFR2;[9] MBc= unmodified MBs

MicroMarker™ target-ready contrast agents, VisualSonics). Area measurements
g y g

[

were determined using FIJI software.'” *statistically significant difference (p=

0.001) relative to (a) (analyzed using one-way ANOVA).

Having demonstrated successful capture on cells under flow conditions
similar to those found in tumor capillaries, a preliminary study in animal models
was undertaken. Ultrasound imaging was performed using CD1 nu/nu mice
bearing SKOV-3 (VEGFR2(+)) human adenocarcinoma tumors. TCO-
antiVEGFR2 was administered 24 hours prior to injecting the MBs to allow
adequate time for accumulation in the tumor. For consistency with how
antiVEGFR2-targeted MBs (MBy) were previously assessed, a destruction

replenishment sequence!”’

was employed four minutes after injection and the
differential enhancement of the signal was measured using VevoCQ
quantification software (VisualSonics). Regions of interest were based on the
vascularity of the tumors determined from the initial distribution of the MBs

following injection. All animal experiments were performed following procedures

approved by the Animal Research Ethics Board (AREB) at McMaster University.

The images showed high retention of MBr, in vascularized
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regions of the SKOV-3 tumors. Even in cases in which the tumors were poorly
vascularized (Figure 3.5a), providing less surface area for capture, contrast
enhancement was significant. Contrast was greater than for images obtained in
animals that were not administered the antibody (Figure 3.5b) and in A431
(VEGFR2(—)) tumor models despite administration of the antibody (Figure 3.5¢).
Localization of the known biotinylated antiVEGFR2-modified MBs was also
apparent (Figure 3.5d). Interestingly, signals obtained using MB¢ on prelabeled
SKOV-3 tumors (Figure 3.5¢) was higher than expected but three times lower

than with MBr,, suggesting some amount of nonspecific binding.

dTE[a.u]

Figure 3.5 Transverse color-coded parametric nonlinear contrast mode ultrasound
images acquired 4 min after intravenous administration of MBr, to: a) SKOV-3
human adenocarcinoma murine tumor model (VEGFR2(+)) pre-administered with
TCO-antiVEGFR2; and b) the same model without antibody; ¢) A431 human
epidermoid carcinoma tumor (VEGFR2(-)) pre-administered with TCO-
antiVEGFR2. Images of SKOV-3 murine tumor models following administration
of d) MBy; and e) MB¢ with pre-administered TCO-antiVEGFR2. Regions of
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interest were based on the vascularity of the tumors determined from the initial
distribution of the MBs following injection. dTE= differential targeted

enhancement.

It is important to note that biotin—streptavidin-based linker systems are not
suitable for clinical use because of the immunogenic response caused by multiple
injections of streptavidin.”) However, for clinical applications one can envision
preparing a new generation of ultrasound contrast agents that contain tetrazines
covalently bound to the shells of MBs in a more biocompatible manner. As
ultrasound has emerged as an important preclinical imaging tool, we believe the
approach reported here is a general and convenient means of noninvasively
evaluating binding of new antibodies to intravascular targets in preclinical
models. Bioconjugation of TCO to antibodies or other comparable vectors is
simple and reproducible and the associated reagents are commercially available.
The corresponding ultrasound images can be obtained using a single type of
tetrazine-labeled MB, such as the one reported, eliminating the complexities and
variability (i.e., changes in bubble size and extent of functionalization) associated
with preparing different antibody-MB derivatives. The approach should therefore
expedite the evaluation of different MB-targeting strategies and help accelerate
the development of novel ultrasound molecular imaging probes. It also reduces
barriers to use ultrasound imaging in order to evaluate new antibody-based
therapeutics because targeted MB development and optimization is greatly

simplified.
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3.3 Conclusion

In conclusion, we provided the first evidence that capturing MBs in vitro
and in vivo is feasible using bioorthogonal coupling reactions. Taken together, the
flow chamber assays and imaging data demonstrate that the localization of MBs is
related to the presence of the target (VEGFR2) and the tetrazine-TCO reaction,
and not simply the formation of antibody-labeled bubbles in situ. The comparable
binding observed for the bubble-capture strategy and the known VEGFR2-
targeted MBs (MBy) further validates that the reported approach can be used to
effectively visualize a specific target in both cells under a flow format and animal
models. Further use and study of MB-capture strategies appears warranted, with
current efforts focusing on evaluating different pretargeting constructs, linker
lengths, dosing levels, and timing to further enhance image contrast and create

new classes of molecularly targeted ultrasound contrast agents.
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4 Chapter 4: The Development and Evaluation of
Prostate Specific Membrane Antigen Targeted
Ultrasound Microbubbles using Bioorthogonal

Chemistry

The following chapter is formatted in a manuscript that is ready for
submission to the journal of Cancer Research. I was responsible for the
development and execution of the majority of the experimental work and drafting
the manuscript and experimental. Tumour inoculation was done by Nancy Janzen.
Ultrasound imaging acquisition was performed by Melissa Yin. Prof. Valliant was

the PI of the lab and responsible for the overall manuscript and project.
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4.1 Abstract

A non-invasive, sensitive imaging tool that detects aggressive prostate
cancer would greatly aid diagnosis and reduce the frequency of unnecessary
surgical procedures. Ultrasound imaging using microbubbles (MBs) targeted to
established biomarkers that are overexpressed on prostate tumors, such as prostate
specific membrane antigen (PSMA), have the potential to address this issue. To
this end, the development and evaluation of PSMA-targeted MBs constructed
using a bioorthogonal chemical ligation strategy between tetrazine (Tz) and trans-
cyclooctene (TCO) functionalized targeting molecules is reported. Specifically
streptavidin-labeled MBs were coated with a biotinylated tetrazine (MBr,) and
targeted to PSMA-expressing cells using a PSMA-specific antibody
functionalized with TCO (TCO-anti-PSMA). Biomarker targeting was achieved in
vitro by either a pre-targeting approach, wherein PSMA expressing cells were
first incubated with TCO-anti-PSMA followed by MBr,, or by a direct targeting
strategy, wherein the TCO-anti-PSMA was first linked to MBr, before exposure
to PSMA expressing cells. An in vitro flow chamber binding assay showed 2.8
and 5 fold increased binding of MBrt, to PSMA expressing cells by the pre-
targeting and direct targeting strategies respectively, compared to binding of
MBr, alone. The direct targeting strategy was evaluated in vivo in human
xenograft tumor model in mice. Using a TCO-anti-PSMA specific to human
PSMA only, a 1.6 fold increased ultrasound signal compared to non-targeted MBs

was observed, whereas using a TCO-anti-PSMA that binds both mouse and
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human PSMA resulted in 5.9 fold increase signal. These results identify an
effective and convenient approach to prepare PSMA-targeted MBs, demonstrating
the feasibility of creating a molecularly targeted ultrasound contrast agent for

detecting prostate cancer.
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4.2 Introduction

Prostate cancer (PCa) is the second leading cause of cancer-related deaths
in men (1). It is estimated that in 2015 more than 220,000 men in the USA and
24,000 in Canada were diagnosed with PCa, which would account for 26% of all
new cancer cases in men (1,2). When detected early, the 5-year survival rate is
around 99%, but survival drops dramatically once the cancer has spread beyond
the prostate (3). The gold standard for PCa diagnosis is trans-rectal ultrasound
(TRUS)-guided biopsies in patients with elevated serum levels of prostate specific
antigen (PSA) and/or an abnormal finding upon digital rectal exam.
Unfortunately, TRUS biopsies have a high rate of false-negative results thereby
missing the presence of PCa in many patients, and there are frequent requirements
for repeat biopsy procedures (4-7). Therefore, there is a need develop a more
sensitive, accurate, and non-invasive imaging technique to help localize PCa
biomarkers within the prostate and to assess the size and aggressiveness of
prostate tumors, both during diagnosis and following the initiation of therapy (8).
Such a technique could help support active surveillance strategies and reduce the
need for repeat biopsies, while significantly enhancing the survival and quality of

life of PCa patients (8).

One approach to enhancing PCa detection is to use imaging agents
targeted against prostate specific membrane antigen (PSMA). PSMA is a

transmembrane glycoprotein that is expressed at low levels in normal prostate,
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liver, kidney and brain tissue, but is expressed in much higher levels in PCa
tumors (9-15). Furthermore, high PSMA expression in PCa correlates with
pathological stage and tumor grade, and was demonstrated as an independent
predictor of biochemical recurrence (16,17). PSMA has been an attractive target
for optical, magnetic resonance and nuclear imaging methods, indicating the high

potential of PSMA imaging in PCa (18-24).

A microbubble based contrast agent that targets PSMA would provide the
opportunity to use ultrasound (US) to visualize specific molecular markers found
on PCa tumors (25,26). PSMA is highly expressed on the endothelial cells in the
microvasculature of PCa tumors, making it a suitable target for US imaging using
targeted microbubbles (MBs) that are generally restricted to targets within the
vasculature due to their size (27). A PSMA-targeted US method could be used for
detecting PCa lesions and for biopsy guidance, providing an alternative to more

costly MRI-based biopsy guidance (28).

Sanna and coworkers prepared polymer-based MBs covalently attached to
a small-molecule inhibitor of PSMA (29). The MBs showed specific binding to
PSMA-expressing (PSMA") cells in vitro, however no evaluation of this agent
under dynamic flow conditions or in preclinical animal models has been reported.
Wang and coworkers prepared nano-scale US contrast bubbles (NBs) coated with
streptavidin and loaded with a biotinylated derivative of an anti-PSMA antibody

(30). In vitro and in vivo studies showed a modest but statistically significant
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difference in the binding of the PSMA targeted NBs, where the ratio of the US
signal obtained from targeted compared to non-targeted NBs was less than 1.20.
These researchers also targeted the same NBs using a biotinylated derivative of an
anti-PSMA nanobody, which showed similar binding compared to the anti-PSMA

antibody (31).

Here we utilize the highly efficient bioorthogonal chemical reaction
between tetrazine (Tz) and trans-cyclooctene (TCO) to target MBs to PSMA. This
methodology has been used successfully in vivo to target MBs to the angiogenesis
marker vascular endothelial growth factor receptor 2 (32), and provides two
options to target the MBs to the tissue site of interest. The first is a direct targeting
strategy, which involves reacting a target-specific, TCO-labeled antibody (TCO-
anti-PSMA) with Tz-functionalized MBs (MBr,) creating the antibody-linked
MBs (Fig. 4.1a), prior to in vivo administration and US imaging (Fig. 4.1b). The
second option is a pre-targeting strategy, in which the TCO-anti-PSMA is injected
first, to allow binding to sites of target antigen overexpression and to clear from
non-target organs. This is followed by injection of MBr, that will selectively
react with target-bound TCO-anti-PSMA in vivo (Fig. 4.1b). We report here the
successful development and evaluation of both approaches and demonstrate US

imaging of PSMA expressing tumors in a mouse model.
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Figure 4.1 a) Schematic illustrating the cyclo-addition product obtained when

reacting MBr, with TCO-conjugated PSMA antibody (TCO-anti-PSMA)

producing anti-PSMA-loaded MBs

(MBr,1co-anti-PSMA). b) Schematic

representation of the two strategies used to target MBr, to PSMA-expressing

prostate cancer cells (PCa cells). Right: MBr, is loaded with TCO-anti-PSMA

(MBr,.tco-anti-PSMA) first before injection and binding to PSMA-expressing
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PCa cells (direct targeting). Left: TCO-anti-PSMA is injected first and allowed to
bind to PSMA-expressing PCa cells and clear non-targeted tissue before injecting

MBr, (pre-targeting).

4.3 Materials and Methods

4.3.1 General materials and instruments

Microbubbles (MBs) were obtained (8.4 x 10° MBs/vial) from a
MicroMarker™, Target-Ready Contrast Agent Kit (VisualSonics Inc., Toronto,
ON). Streptavidin coated magnetic beads (New England BioLabs, Whitby, ON)
and MACSiIMAG™ separator magnet (Miltenyi Biotec, Auburn, CA) were used
during the purification of MBs. Conjugated-antibodies were analyzed by mass
spectrometry on a MALDI Bruker Ultraflextreme Spectrometer. MBs size and
concentration were determined using Z2 Coulter counter (Beckman Coulter,
Fullerton CA). Syringe pump used in the flow chamber assay was a PhD 2000
syringe pump (Harvard Apparatus, Holliston, MA). Western blot images were

generated using a STORM 840 imaging system (GMI Ltd., Ramsey, MN).

4.3.2 Preparation of TCO-modified antibodies.

J591 is an anti-PSMA monoclonal antibody that binds the extracellular
domain of human PSMA (33) and was provided by Dr. Neil Bander (Department
of Urology, Cornell University). The TCO-modified J591 was prepared as
previously described (32). Briefly, the pH of a solution of J591 antibody (500 puL,

250 pg, 1.67 nmol, in PBS) was adjusted to 9 by adding 3 uL of 1 M Na,CO; (aq).
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(E)-cyclooct-4-enyl-2,5-dioxopyrrolidin-1-yl carbonate (TCO-NHS) was then
added (17.8 pg, 66.8 nmol, 40 eq) in 9 uL. DMSO. The solution was left on a
shaker overnight at 4 °C. The desired product (TCO-J591) was isolated from
excess TCO using an Amicon Ultra-0.5 Centrifugal filter (30 kDa) and washed
with PBS three times. MALDI-TOF MS analysis of the antibody before and after
conjugation to TCO showed an average of 1.2 TCO groups per antibody, using a
MALDI Bruker Ultraflextreme Spectrometer (Supplementary Data, Fig. S 4.1). A
polyclonal rabbit IgG antibody (ARP44691 p050; Aviva Systems Biology, San
Diego, CA) that reacts with both mouse PSMA and human PSMA was labeled

with TCO by the same method, and is referred to herein as TCO-anti-hu/muAb.

4.3.3 Synthesis of Biotin-Tz
N-(4-(1,2,4,5-tetrazin-3-yl)benzyl)-6-(5-((4S)-2-oxohexahydro-1H-
thieno[3,4-d]imidazol-4-yl)pentanamido)hexanamide (biotin-Tz) was synthesized
as described previously (32). The structure of biotin-Tz is shown in

Supplementary Data (Fig. S 4.2).

4.3.4 Preparation of tetrazine-functionalized microbubbles (MBr,)
Streptavidin-coated MBs (MicroMarker'"; VisualSonics Inc.) were
reconstituted in 500 pL sterile saline (0.9% NaCl), according to the
manufacturer’s instructions. To prepare MBr,, biotin-Tz (70 pg, 1.35 x 10
mmol) in 50 pL of saline:MeOH (1:1 v/v) was added dropwise to the

reconstituted MBs. After 45 min, 200 pL from the bottom of the vial was removed
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carefully with minimal agitation and was discarded. Then, a 200 pL suspension of
streptavidin-coated magnetic beads (New England BioLabs) were added and the
solution set aside for 20 min. Thereafter, 200 puL of the solution was removed
carefully and discarded, and the remaining mixture was placed beside a
MACSIMAG™ magnet (Miltenyi Biotec) to remove any residual magnetic bead-
bound biotin-Tz, that sediment in the vial. Saline (200 uL.) was then added to MBs
and the solution transferred to another vial. MBs size and concentration were

determined using Z2 Coulter counter (Beckman Coulter).

4.3.5 Preparation of anti-PSMA antibody coated MBs

Anti-PSMA coated MBs were prepared by combining MBr, with either
TCO-J591 antibody or TCO-anti-hu/muPSMA. Briefly MBr, solution (50 puL (3
x 10" MBs) for in vitro, 120 pL (7 x 10" MBs) for in vivo studies) was mixed with
either TCO-labeled antibody (20 uL, 10 pg for in vitro, 50 uL, 25ug for in vivo
studies). The Tz-TCO reaction was allowed to proceed for 20 min at room
temperature. The resulting MBr,1c0J591 and MBr,.rco-anti-hu/muPSMA
constructs were used immediately for in vitro binding studies or in vivo imaging

studies.

4.3.6 Cells and culture methods
PC-3 cells transfected with human PSMA were provided by (Molecular
Insight Pharmaceuticals, Inc., Cambridge, MA). PC-3 cells were cultured in F12-

K media supplemented with 10% FBS, 1% penicillin-streptomycin and 0.1%
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geneticin. LNCaP cells were purchased from ATCC (CRL-1740), and cultured in
RPMI-1640 Medium supplemented with 10% FBS and 1% penicillin-

streptomycin. The cell lines were maintained at 37 °C under 5% CO..

4.3.7 Flow Chamber Cell Adhesion Assay.

The flow assay was performed as previously described (32). Briefly, 8 x
10° of PC-3 cells were plated separately, in 30 mm Corning tissue culture dishes,
2 days prior to running the assay. In the pre-targeting strategy and associated
controls, cells were incubated first with TCO-J591 (30 pg/mL) for 30 min. The
setup of the parallel-plate flow chamber (Glycotech, Rockville, MD) is shown in
the Supplementary data (Fig. S 4.3). Using the PhD 2000 syringe pump, cells
were first rinsed with 1 mL of PBS, and then 1 mL of MBs solution at a shear rate
of 100 sec” (flow rate = 0.164 mL/min) was applied. Thereafter, the plate was
rinsed with 2 mL of PBS at a shear rate of 1000 sec’'. Binding of MBs was
visualized using a Celestron PentaView LCD Digital Brightfield S4 Microscope
with 20x objective. Images were recorded and the extent of binding assessed by
comparing the area covered by MBs to the total area covered by cells in each

image, using image analysis (F1JI) software (32,34).

4.3.8 Animal models and procedures
All animal studies were approved by the Animal Research Ethics Board at
McMaster University. Mice were maintained with 12 h light/dark cycles and

given food and water ad libitum. LNCaP cells derived from lymph node
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metastases of human prostate carcinoma were purchased from ATCC (CRL-
1740). NCr nude male mice (4 to 5 week old) were purchased (Taconic Labs,
Germantown, NY) and were injected with 2.0 x 10° LNCaP cells in 100 pL
Matrigel/DPBS (1:1; VWR-Canlab, Mississauga, ON and Invitrogen, Burlington,
ON) subcutaneously in the right flank. For tumor extraction, mice were sacrificed
by cervical dislocation directly after imaging, and then the tumors were excised,
rinsed with PBS and frozen in liquid N,. Frozen tumors were stored at -80 °C

until processed for cell lysate preparation.

4.3.9 Tumor lysate preparation

Each frozen tumor was thawed and put into lysis buffer containing 1%
IGEPAL CA-630 (I3021; Sigma-Aldrich, Oakville, ON), 20mM Tris pH 8.0
(154563; Sigma-Aldrich), 137mM NaCl (S6191; Sigma-Aldrich), 10% glycerol
(5350-1; Caledon Laboratories), 2mM EDTA (E5134; Sigma-Aldrich) and
Protease Inhibitor cocktail (PIC003; Bioshop Canada, Burlington, ON). Each
tumor was subsequently homogenized using VWR PowerMax AHS 200
homogenizer (5 X 75 mL troemner) and lysate collected after centrifugation (2000
x g 5 min) and washing three times with PBS. Protein concentration was
determined using a Pierce® BCA Protein Assay Kit (ThermoFisher Scientific,

Ottawa, ON).

4.3.10 Western blot analysis of cell lysates

Using immunoblotting, PSMA protein expression by transfected PSMA"
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PC-3 and PSMA" LNCaP cells was assessed and compared to and PSMA™ PC-3
cells. 10 pg of protein from each cell lysate were loaded on 10% Mini-PROTEAN
TGX Precast gels and fractionated by SDS-PAGE. After electro-transferring the
protein extracts to polyvinylidene difluoride (PVDF) membrane, the membrane
was incubated with PSM antibody (E-18), a goat polyclonal antibody (sc-10269;
Santa Cruz Biotechnology, Dallas, TX), specific for mouse and human PSMA, in
a 1:250 dilution overnight at 4 °C. Following washing, the membrane was
incubated with AP-Bovine anti-goat IgG antibody (sc-2351; Santa Cruz
Biotechnology) in a 1:2000 dilution for 1 h at room temperature. The membrane
was finally washed and incubated with a chemiluminescent reagent (ECF
substrate, GE RPN5785) for 5 min and imaged using a STORM 840 imaging

system (GMI Ltd., Charlotte, NC).

4.3.11 Western Blot analysis of tumor lysates

PSMA expression by LNCaP tumors used in imaging studies was assessed
by immunoblotting. Tumor lysates were loaded on 10% Mini-PROTEAN TGX
precast gels and fractionated by SDS-PAGE. Protein extracts were electro-
transferred to PVDF membrane. The PVDF membrane was incubated with PSM
(E-18) goat anti-PSMA antibody (sc-10269; Santa Cruz Biotechnology) in a
1:250 dilution, and anti-B-Actin (13E5) rabbit monoclonal antibody (4970; Cell
Signaling Technology, Beverly, MA) in a 1:2000 dilution overnight at 4 °C. The

membrane was then washed and incubated with AP-Bovine anti-goat 1gG (sc-
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2351; Santa Cruz Biotechnology) plus AP-Goat anti-rabbit IgG (H+L)
(111055045, Jackson ImmunoResearch) in a 1:2000 dilution for 1 h at room
temperature. Finally, the membrane was washed and incubated with a
chemiluminescent reagent (ECF substrate, GE RPN5785) for 5 min and imaged
using a STORM 840 imaging system (GMI Ltd.). Image bands for PSMA and 8-
actin were quantified using ImageQuant TL software (GE Healthcare Life

Sciences).

4.3.12 Ultrasound (US) Imaging and Analysis

Using a Vevo 2100 imaging system (VisualSonics) and a 20 MHz high-
frequency solid-state transducer (MS-250; VisualSonics), LNCaP tumor-bearing
mice were imaged using the non-linear contrast mode. Animals were kept under
anesthesia using isoflurane (4% initiation, 2% maintenance) in medical air, during
the imaging session. MBs injections (approximately 5-6 x 10" MBs in 70 uL)
were performed via the tail vein, using a syringe pump at a 600 pL/min injection
rate. First, each mouse was injected with MBr, and imaged. Following a time to
allow the MBs to clear, MBr, complexed with anti-PSMA antibody was injected.
After each injection, MBs were allowed to circulate for 4 min before initiating a
disruption replenishment sequence (35). Typically 200 frames were acquired
before a continuous high power disruption pulse (100% transmit power) was
applied within the imaging window. Freely circulating MBs were allowed to refill

the tumor for 5 sec before acquiring another set of frames. A 15 min break and a
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3D disruption sequence took place after each imaging session, to allow complete

clearance of previously injected MBs.

The differential targeted enhancement (dTE) signal was measured using
the advanced contrast quantification software analysis tool (VevoCQ™,
VisualSonics). Regions of interest were determined based on the distribution of
the MBs in the tumor (the vascular region) and was kept constant when evaluating
the different MBs in the same animal. The average intensity over 200 frames
acquired 5 sec after disruption was subtracted from the average intensity over 200
frames acquired before disruption. Representative images are parametric images

overlaid on the nonlinear contrast mode US images.

4.4 Results and Discussion

4.4.1 Preparation of PSMA-targeted MBs

MBrt, were prepared by adding N-(4-(1,2,4,5-tetrazin-3-yl)benzyl)-6-(5-
((45)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-pentanamido)hexanamide
(biotin-Tz , Supplementary Data, Fig. S 4.2) to commercially available
streptavidin coated MBs, as described previously (32). The first TCO-labeled
anti-PSMA antibody (TCO-J591) was prepared by combining the anti-human
PSMA monoclonal J591 with (E)-cyclooct-4-enyl-2,5-dioxopyrrolidin-1-yl
carbonate (TCO-NHS), at pH 9-9.5 and 4 °C overnight. The number of TCO
moieties per antibody was 1.2, as determined by MALDI-TOF MS
(Supplementary Data, Fig. S 4.1). J591 binds to the extracellular domain of
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human PSMA (33) and was shown to be a highly effective tool for targeting
various radio isotopes and nanomaterials to PSMA (12,36-41). A polyclonal
rabbit IgG anti-PSMA antibody that reacts with both human and mouse PSMA
was also labeled successfully with TCO (TCO-anti-hu/muPSMA), using the same

method.

4.4.2 In vitro evaluation of direct and pre-targeting of MBs to PSMA" cells
The ability to target MBs to PSMA" cells in vitro was assessed in a flow
chamber adhesion assay (Supplementary Data, Fig. S 4.3). The flow chamber
system is designed to provide a more realistic test environment for evaluating the
ability of targeted MBs to bind receptors in the dynamic fluid environment of
tumor microvasculature, rather than the typical static culture conditions (42).
Although the PSMA™ LNCaP cells were chosen for in vivo targeting studies, they
have low adhesive properties in culture, and therefore were not suitable for use in
the flow chamber system. Instead, the more adherent PC-3 cells that were PSMA"
(human PSMA gene-transfected) or PSMA™ (non-transfected) were used. Western
blot analysis of the two PC-3 cell lines showed PSMA protein expression in the
PSMA" PC-3 cells at levels comparable to LNCaP cells, and no expression by

PSMA™ PC-3 cells (Supplementary data, Fig. S 4.4).

Both the pre-targeting and direct targeting approaches were evaluated
using the in vitro flow chamber assay. For pre-targeting, TCO-J591 was incubated

with the cells for 30 min, before introducing the MBr,. For direct targeting, TCO-
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J591 was incubated with MBr, for 20 min, creating the targeted MBs (MBr,.1co-
J591) that were subsequently used in the flow assay. For all experiments, test cells
were rinsed with PBS before the start of the flow chamber assay. With pre-
targeting, cells were washed with PBS after incubation with TCO-J591. Both
MBr, and the MBr,.1c0-J591 conjugates were added at the same flow rate (0.164
mL/min). After each experiment, bright-field microscopy images were collected

and analyzed using FIJI software, as previously reported (32).

Both qualitative inspection of microscopy images (Fig. 4.2) and semi-
quantitative analysis indicated significantly lower binding of MBr,to PSMA" PC-
3 cells (Fig. 4.3) using the pre-targeting approach compared to the direct targeting
approach. However, binding of MBr, by pre-targeting was still 2.8 times higher
than controls, in which non-conjugated MBs (no Tz) or PSMA™ PC-3 cells were
used (Fig. 4.3). For the direct targeting approach, the results showed greater than
5-fold higher binding of MBr,.1co-J591 to PSMA" PC-3 cells, compared to
controls. The reduced MBr, binding with pre-targeting is likely due to the
internalization of J591, which has been previously reported (43). Because of the
difference observed in in vitro experiments only the direct targeting strategy was

further evaluated in vivo, using a mouse xenograft tumor model.
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Figure 4.2 Bright-field microscopy images (20x) showing binding of: a) MB, to
TCO-J591 to PSMA" PC-3 cells pre-treated with TCO-J591; b) MBr, complexed
with TCO-J591 (MBr,.tco-J591) to PSMA™ PC-3 cells; ¢) MBr,to PSMA" PC-3
cells with no antibody; d) MBr, to PSMA™ PC-3 cells pre-treated with TCO-J591;
€) MBr,.1c0-J591 to PSMA™ PC-3 cells and f) Control MBs (MB¢) with no Tz to
PSMA" PC-3 cells pre-treated with TCO-J591. The MBs appear as black spheres

(select examples shown with white arrows).
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Figure 4.3 Semi-quantitative analysis of the number of MBs bound per cell (n= 3
replicates) from the flow chamber adhesion assay. Binding of the direct targeting
MBr,.1co-J591 construct was greater than 8-fold higher to PSMA" PC-3 cells (b)
compared to binding of MBr;, alone (¢) or MB1,.1c0-J591 binding to PSMA™ cells
(e); ** statistically significant (p < 0.001). There was lower binding of MBr, to
PSMA+ cells when TCO-J591 was pre-targeted (a) compared to direct targeting
(b). However, the amount of MBr, bound with pre-targeting (a) was significantly
higher than controls using PSMA" cells with pre-targeting (d) or control MB¢ (no
Tz) with pre-targeting (f); * statistically significant (p < 0.001). The MB control
(f) was not significantly different (p > 0.05) from other controls (c,d,e). Statistical

analysis was performed using one-way ANOVA.

4.4.3 In vivo targeting of MBs to PSMA-expressing LNCaP xenografts
tumors
LNCaP cells were used in a well-established PSMA tumor xenograft

model (44) using NCr nu/nu mice (45). Following each US imaging study, PSMA
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expression in the isolated tumor was verified by western blotting of tumor lysates
(Supplementary Data, Fig. S 4.5). The amounts of PSMA expressed by all tumors
used for US imaging showed little variability, when normalized to B-actin
expression (Supplementary Data, Fig. S 4.6). As a background control in all
studies, non-targeted MBr, were allowed to accumulate in the tumors for 4 min,
before a disruption replenishment sequence was conducted (32). After 15 min, a
3D disruption sequence was applied to insure there were no residual MBs prior to

injecting the PSMA targeting contrast agent.

Targeting studies were performed using either the MBr,.1co-J591
construct (anti-human PSMA) or the MBr,.rco-anti-hu/muPSMA construct (anti-
human and mouse PSMA). The latter was chosen to assess the extent of
contribution of mouse PSMA, because mouse endothelial cells are present within
the xenograft microvasculature (46). For the targeted MBs, imaging was
performed using the same plane of view as that for control non-targeted MBr,.
The parametric US images showed qualitatively higher signal enhancement when
either the MBr,1c0-J591 or MBr,rco-anti-hu/muPSMA direct targeting
constructs were used, as compared to non-targeted MBr, (Fig. 4.4). When the
signal enhancement was quantified, the mean of the ratio of signals for targeted to
non-targeted MBr, was 1.6 for the MBr,.1co-J591 construct and 5.9 for the MBr,.
tco-anti-hu/muPSMA construct (Fig. 4.5). Thus, both direct targeting constructs

demonstrated enhanced accumulation of PSMA-targeted MBs in the tumor, with
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the dual-specificity antibody construct (MBr,.rco-anti-hu/muPSMA) producing
approximately 3.6 fold more signal. The difference could be due to the variation
in affinity for human PSMA between the two antibodies or the presence of mouse
PSMA expressed on the endothelial cells of the tumor microvasculature (46). It is
worth noting that our result using the differential target enhancement method
indicates a much larger signal enhancement for targeted MBs compared to the
previous reports using PSMA-targeted bubbles, where a statistically significant
increase in signal was observed when measuring only the US peak enhancement

(30,31) which would include both target bound and circulating MBs.

non-Targeted

dTE [a.u]
Gain:7 DR:0

Targeted

Figure 4.4 Representative US images showing targeted tumor localization of the
anti-human PSMA (MBr,.1c0-J591) construct (left bottom) and the anti-human
and mouse PSMA (MBr,.rco-anti-hu/muPSMA) construct (right bottom). Images
were first acquired 4 min after intravenous administration of non-targeted MBr,
(top left and right), and then after the targeted constructs (bottom left and right).
The images using the targeted constructs show qualitatively higher US signal,

compared to the signal from non-targeted MBr,. Each pair of images (top/bottom)
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are from the same mouse and same field of view. Images are transverse color-
coded parametric images overlaid on a nonlinear contrast mode ultrasound image,
with whole LNCaP xenograft tumor (green outline) in the field of view. dTE=
differential targeted enhancement. Complete image data for tumors from n= 3
mice targeted with either construct are found in Supplementary Data (Figs. S 4.7,

S 4.8).

10 1

US signal fold enhancement

MB -J591 MB -anti-hu/muP SMA

Tz-TCO Tz-TCO

Figure 4.5 Comparison of the US signal enhancement obtained by direct targeting
of PSMA" LNCaP tumors, using either the anti-human PSMA antibody construct
(MBr,1c0-J591) or the anti-human and mouse PSMA antibody construct (MBr,.
tco-anti-hu/muPSMA). Data are average ratio of US signals (n= 3, with SEM), for

the targeting construct:control (MBr, alone).

4.5 Conclusion

The presented work shows the effectiveness of the TCO-Tz bioorthogonal
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chemistry for constructing targeted MBs using antibodies. This strategy provided
an easy to use, standard MB platform (MBr,) that is amenable for translation of
any antibody-based targeting to any endothelial cell surface biomarker. More
important to the imaging of PCa, the TCO-Tz chemistry provided a high yielding,
reproducible and readily adapted production of PSMA-targeted MBs. Studies are
ongoing to create a human compatible MBr, that when combined with a
humanized anti-human PSMA antibody (e.g. J591) will provide PSMA-targeted

MBs suitable for clinical trials.
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Supporting information can be found in Appendix II.
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5 Chapter 5 — The Development and Evaluation of

uPAR-targeted MBs using Bioorthogonal Chemistry

5.1 Introduction

Urokinase plasminogen activator receptor (uPAR) is a glycoprotein that
consists of three disulfide-bond linked domains which are attached to the cell
membrane through a glycosyl-phosphatidylinositol (GPI) anchor (Figure 5.1).!'!
It has been shown that uPAR has a central role in the plasminogen activation axis.
This axis is directly linked to promoting cell migration, tumour growth and
metastasis.”! The expression of uPAR in healthy tissue is significantly lower
compared to diseased tissue making it a good target to achieve high contrast

images.!"*”!

uPAR

GPI anchor

Cell membrane

Figure 5.1 Schematic representation of uPA receptor (uPAR) and its linkage to

the cell membrane.
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Contrast enhanced US imaging using targeted MBs allowed the use of US
for molecular imaging of various diseases such as inflammatory bowel disease
and atherosclerosis as well as different types of cancers such as breast, prostate

(6111 Because of the reported expression of uPAR on tumour

and ovarian cancer.
endothelial cells and tumour-associated microphages,!'*'*! it should be feasible to
target US MBs to uPAR. It will be useful to assess uPAR expression because it is
related to drug resistance, cancer aggressiveness and metastatic potential.!'>'” An
US method could also be used to assess changes in the expression of uPAR during

and after treatment. This will allow physicians to quickly evaluate treatment

efficacy and adjust therapy accordingly. Although there are examples of uPAR-

20-22 20] [21] [23-25]

targeted agents for magnetic resonance,"'®'”! fluorescent,”*** nuclear!

2]

and photoacoustic imaging,”! to our knowledge, there are no reports of

ultrasound contrast agents targeted to uPAR.1***"

We report here the development and evaluation of MBs targeted to uPAR.
The uPAR-targeted MBs were prepared using the bioorthogonal reaction between
tetrazine (Tz) and trans-cyclooctene (TCO).* In addition to preparing the MBs,

the constructs were evaluated in vitro and in vivo.

5.2 Results and discussion
To develop uPAR-targeted MBs, MBr, was prepared by adding N-(4-
(1,2,4,5-tetrazin-3-yl)benzyl)-6-(5-((4S)-2-oxohexahydro-1H-thieno[ 3,4-

d]imidazol-4-yl)pentanamido)hexanamide (biotin-Tz, Figure 5.2) to commercially
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available streptavidin coated MBs (MicroMarker™ Target-Ready contrast agents,
VisualSonics) following our reported literature procedure.””! TCO was linked to
the targeting antibody by combining (E)-cyclooct-4-enyl-2,5-dioxopyrrolidin-1-yl
carbonate (TCO-NHS) and anti-human-uPAR antibody at pH 9-9.5 at 4 °C
overnight. The number of TCO moieties per antibody was 2.5 as determined by
MALDI-TOF MS (Figure 5.3). Following the same procedure, an anti-uPAR
antibody that binds to both human and mouse uPAR was conjugated with TCO

for comparison.

N
N
0 N

NS
NH o N
HT{E»MN«W“M@A
s H 0

Figure 5.2 Structure of Biotin-Tz
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Figure 5.3 MALDI-TOF MS analysis of antibody samples. Top: anti-uPAR and
bottom: TCO-anti-uPAR.

Using a flow chamber adhesion assay, the ability to target MBr, to uPAR
expressing cells using TCO-anti-uPAR was evaluated. uPAR-expressing A431
cancer cells (WPAR +) and uPAR-deficient MCF7 cancer cells (uPAR —) were
used in the study. Two general approaches were evaluated: For pre-targeting, the
cells were first incubated with TCO-anti-uPAR for 30 min at room temperature
before MBr, introduction. For the direct targeting strategy, MBt, was incubated
with TCO-anti-uPAR for 20 min first to produce targeted MBs (MBrtz1co-anti-
wAR), followed by exposure to cells. During the flow assay, the cells were rinsed

with PBS followed by the MBs (~ 3 x10’ MBs/mL) at 0.164 mL/min flow rate
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and then washed with PBS at 1.64 mL/min. Finally, images at different fields of
view were collected using a bright-field microscope and analyzed using FIJI

software as previously reported.'*”’

Microscopy images (Figure 5.4) and semi-quantitative analysis (Figure
5.5) show similar binding to uPAR + cells for both the pre-targeting and direct
targeting strategies. This binding was significantly higher than control
experiments which included MBr, on untreated uPAR + cells and unconjugated

MBs (MBc¢) to uPAR + cells pre-treated with TCO-anti-uPAR (Figure 5.5).

Figure 5.4 Bright-field microscopy images (20x) showing binding of: a) MBr; to
TCO-anti-uPAR-tagged A431 cells (uPAR +); b) MBr, loaded with TCO-anti-
UPAR (MBr1c0-anti-upar) to A431 cells; ¢) MBr,to A431 cells with no antibody;
d) MBr, to TCO-anti-uPAR-tagged MCF7 cells (uPAR —); and e) MB¢ to TCO-
anti-uPAR-tagged A431 cells. The MBs appear as black spheres with select
examples highlighted by the white arrows. MBr,= tetrazine-functionalized MBs;
MB1,-1tco-antiwrar= MBT, incubated with TCO-anti-uPAR for 20 min; MB¢=

unmodified MBs (MicroMarker™ target-ready contrast agents, VisualSonics).
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Figure 5.5 Semi-quantitative analysis of the number of MBs bound per cell based
on relative area from the flow chamber adhesion assay following washing. For
A431 (uPAR +) cells, near-equivalent binding was seen when (a) MBp, was
exposed to cells pre-incubated with TCO-anti-uPAR for 30min and (b) where
MBr, was first incubated with TCO-anti-uPAR for 20 min (MBr,.1co-anti-uPAR)
before exposure to A431 cells. Binding of MBr, in both (a) and (b) was
significantly higher than for (c) experiments that lacked any TCO-anti-uPAR and
(d) when using MCF7 (uPAR —) cells. Unmodified MBs (MBc) (e) showed
minimal binding to TCO-anti-uPAR-tagged A431 cells. MBr,= tetrazine-
functionalized MBs; MBrt,.1tco-anti-upaAR= MBT, incubated with TCO-anti-uPAR for
20 min; MBc= unmodified MBs (MicroMarker™ target-ready contrast agents,
VisualSonics). Area measurements were determined using FIJI software.
*Statistically significant difference (p < 0.001) relative to both (a) and (b)
(analyzed using one-way ANOVA).

The direct targeting strategy was further evaluated in vivo in a uPAR

expressing 231/LM2-4 tumour model which is a highly metastatic variant of the
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human breast cancer cell line MDA-MB-231.°%V In the in vivo study, MBs (70 pL)
were injected and allowed to accumulate at the site of interest for 4 minutes
before a destruction replenishment sequence was conducted.” Each mouse was
imaged with MBr, first then imaged with MB1,1co-anti-upar 1n the same plane of
view. A 15 minutes break and 3D destruction sequence was applied between the
two imaging sessions to ensure clearance of previously injected MBs. After the
imaging study, the animals were euthanized and the tumours extracted and frozen
in liquid N, for further evaluation by western blot analysis and
immunohistochemistry. To quantify the amount of MBs binding to the target, the
US images were analyzed using VevoCQ™ software (VisualSonics). The average
intensity over 200 frames acquired 5 seconds after destruction was subtracted
from the average intensity over 200 frames acquired before destruction and
images were produced as parametric images overlaid on the non-linear contrast
mode image. The same in vivo study was also repeated using an anti-uPAR

antibody that binds to both human and mouse uPAR.

In contrast to the in vitro studies, with either antibody, the parametric US
images did not show qualitatively difference in signal enhancement when using
the non-targeted MBr, versus the targeted MBr,.rco-anti-upar (Figure 5.6 and 5.7).
When the signal enhancement was quantified using the VevoCQ software it was
shown that there was no significant difference between the signal enhancement

when using the non-targeted MBs (MBr,) versus the targeted MBs (MBrz-1co-anti-
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upAR) (Figure 5.8 and 59)

Non-targeted

Targeted

Figure 5.6 Transverse color-coded parametric images overlaid on a nonlinear
contrast mode ultrasound image acquired 4 min after intravenous administration
of either MBr, to 231/LM2-4 xenograft tumour mouse model (top) or MBr,.1co-
anti-upAR tO the same mouse after clearance of MBr, (bottom). Qualitatively, the
signal enhanced when using the human uPAR-targeted MBs (MBrztco-anti-uPAR,
bottom) showed no difference in signal enhancement compared to non-targeted

MBs (MBr,, top). dTE= differential targeted enhancement.

Non-targeted

Targeted

Figure 5.7 Transverse colour-coded parametric images overlaid on a nonlinear
contrast mode ultrasound image acquired 4 min after intravenous administration
of either MBr, to 231/LM2-4 xenograft tumour mouse model (top) or MBr,.1co-
antiupAR tO the same mouse after clearance of MBr, (bottom). Qualitatively, the

signal enhanced when using the human and mouse uPAR-targeted MBs (MBr,.
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TCO-anti-uPAR, DOttom) showed no difference in signal enhancement compared to

non-targeted MBs (MBr,, top). dTE= differential targeted enhancement.

40 ~
35 ~
30 A

Targeted (Human Ab) Non-Targeted

Figure 5.8 A bar graph representation of the quantified signal enhancement
obtained when using MBs targeted to human uPAR (MBr,1co-anti-urAr) VErsus
non-targeted MBs (MBr;). There was no significant difference between the signal

enhancements (analyzed using one-way ANOVA).

16 7
14
12 1
10 A

dTE (a.u.)

o N M OO @©
1

Targeted (Dual Ab) Non-Targeted

Figure 5.9 A bar graph representation of the quantified signal enhancement
obtained when using MBs targeted to human and mouse uUPAR (MBr,.1co-anti-urAR)

versus non-targeted MBs (MBr,). There was no significant difference between the
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signal enhancements (analyzed using one-way ANOVA).

A western blot and immunostaining analysis was conducted to confirm the
expression of uPAR (human and mouse) in tumours used for imaging. For
western blot analysis, lysates prepared from extracted tumours were fractionated
on SDS-PAGE and electro-transferred to PVDF membrane. uPAR expression was
assessed by incubating with a rabbit anti-uPA receptor antibody followed by AP-
Goat anti-rabbit IgG (H+L) and visualized after incubating with a
chemiluminescent reagent (ECF substrate). Figure 5.10 shows the expression of

uPAR in the tumour lysates which qualitatively looks similar between tumours.

— 100 kDa
uPAR (70 kDa) — 75

— 50
R-actin (45 kDa)

— 37

Figure 5.10 Western Blot analysis of uPAR expression in 231/LM2-4 tumour
lysates. uPAR expression in 231/LM2-4 tumour lysates (10 pg of protein) using a
rabbit anti-uPA receptor primary antibody in a 1:100 dilution, an AP-Goat anti-
rabbit IgG (H+L) secondary antibody in a 1:5000 dilution and a
chemiluminescence detection system. B-actin expression was used as loading
control. Top band represents uPAR (70 kDa) while the bottom band represents B-
actin (45 kDa).

Immunostaining was used to assess the expression of uPAR (human and
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mouse) on endothelial cells. uPAR on endothelial cells were detected by
incubating the tumour tissue slices with a mixture of a rabbit anti-uPA receptor
antibody and a hamster anti-CD31 antibody [2H8]. The expression was then
visualized with a Cy5-conjugated donkey anti-rabbit IgG and a fluorescein
(FITC)-labeled goat anti-armenian hamster IgG (H+L) respectively. To take into
account signals coming from background or non-specific binding of secondary
antibodies, tissue slices were imaged without incubation of primary antibody or
both primary and secondary antibodies. Images obtained from immunostaining
slides showcased the expression of both endothelial cells and uPAR on the tumour
tissue (Figure 5.11). When looking at the overlaid images we find that the uPAR

expression on endothelial cells was also evident (Figure 5.12).
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Figure 5.11 Immunofluorescence staining images of 231/LM2-4 tumour tissue
slices after staining for human and mouse uPAR and CD31. DAPI was also used
to stain the nucleus. Images on the left show presence of both uPAR and
endothelial cells (CD31) on 231/LM2-4 tumour tissue. The fluorescence shown
was qualitatively higher than auto-fluorescence represented in the far right. As a
control, slices were also incubated with just the secondary antibodies to visualize

any non-specific binding and no fluorescence was observed (middle).
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Overlay

CD31 uPAR

Figure 5.12 Immunofluorescence staining images of 231/LM2-4 tumour tissue.
Images show expression of endothelial cells (CD31) (left), human and mouse
uPAR (middle) and overlay (right). The overlay image shows co-localization of

uPAR on endothelial cells (white arrows).

5.3 Conclusion

The reported work showcases the ability of using the inverse-electron-
demand Diels-Alder reaction between Tz and TCO to created MBs that can bind
to uPAR. In vitro studies using a flow chamber system showed that uPAR
mediated MBs localization was observed on cells. Furthermore, targeting of MBs
was achieved using both the direct- and pre-targeting strategies. Unfortunately,
the evaluation of the direct targeting strategy in vivo did not show difference in
signal enhancement between targeted and non-targeted MBr,. The inability in
targeting MBr, using the human-specific uPAR antibody could be due to the lack
of expression or accessibility of human uPAR on mouse endothelial cells in the
tumour xenograft due to the large MBs. With respect to the former hypothesis no
improvement was seen when a human and mouse specific uPAR antibody was

employed suggesting accessibility and effective binding to the target was the main

146



Ph.D. Thesis — A. Zlitni; McMaster University — Chemistry and Chemical
Biology

1SSue.

5.4 Materials, Instruments and General Information

Microbubbles (MBs) were obtained using MicroMarker™ Target-Ready
Contrast Agent Kit (VisualSonics Inc., Toronto, Canada; 8.4 X 108 MBs/vial).
Streptavidin coated magnetic beads (New England BioLabs) and MACSIMAG™
Separator (MiltenyiBiotec) magnet were used during the purification of MBs.
Conjugated-antibodies were analyzed on a MALDI Bruker Ultraflextreme
Spectrometer. MBs size and concentration were determined using Z2 Coulter
counter (Beckman Coulter, Fullerton, California). Biotin-Tz (Figure 5.2) was

synthesized as previously reported.”*”!
5.5 Experimental

5.5.1 Preparation of TCO-modified anti-uPAR antibody

The TCO-modified antibody was prepared following the reported
literature procedure.””! Briefly, the pH of a solution of anti-uPAR antibody in
PBS (American Diagnostica Inc., 3936) (450 uL, 225 pg, 1.5 nmol) was adjusted
to 9 by adding 3 pL of 1 M NayCOs(aq). This was followed by the addition of
(E)-cyclooct-4-enyl-2,5-dioxopyrrolidin-1-yl carbonate (TCO-NHS, 8 pg, 30
nmol, 20 eq) in DMSO (4 pL). The solution was left on a shaker overnight at 4
°C. The desired product was isolated from excess TCO using an Amicon Ultra-0.5

Centrifugal filter (30 kDa) and washed with PBS three times. MALDI-TOF MS
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analysis of the antibody before and after conjugation to TCO showed an average
of 2.5 TCO groups per antibody. The process was repeated using a polyclonal
rabbit anti-uPAR antibody (FL-290, sc-10815) that reacts with both human and

mouse uPAR.

5.5.2 Cells and Culture Methods

A431 (CRL-1740) cells were cultured in DMEM media supplemented
with 10% fetal bovine serum and 1% penicillin streptomycin. MCF7 (HTB-22)
cells were cultured in FEagle’s Minimum Essential Medium (EMEM)
supplemented with 10% fetal bovine serum and 1% penicillin streptomycin. The

cell lines were maintained at 37 °C under 5% CO,.

5.5.3 Preparation of Microbubbles (MBs)'*!

Streptavidin coated MBs (MicroMarker™ Target-Ready contrast agents,
VisualSonics) were reconstituted in 500 pL sterile saline (0.9% sodium chloride)
according to the manufacturer’s instructions. To prepare the tetrazine-coated MBs
(MBr,), biotin-Tz (70 pg, 1.35 x 10 mmol) in 50 pL of saline:MeOH (1:1 v/v)
was added dropwise to the reconstituted MBs. After 45 min, 200 pL of the bottom
of the solution was removed carefully with minimal agitation of the bubbles and
was discarded. Streptavidin coated magnetic beads (200 pL) were added
whereupon after 20 min, 200 pL of bottom solution was removed carefully and
discarded and the sample placed beside a magnet. After decanting the solution,

MBs were rinsed with 200uL saline and then transferred to another vial. MBr,.
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TCO-antibody Was prepared by incubating 50 pL of MBr, solution with 20 pL of

TCO-antibody (10 pg) for 20 min before running the experiment.

5.5.4 Flow Chamber Cell Adhesion Assay’

The flow assay was adapted from the reported literature procedure.”*”
Cells (8 x 10%) were plated separately in 30 mm Corning tissue culture dishes 2
days prior to running the assay. For MBrt, and associated controls, cells were
incubated with TCO-antibody (30 pg/mL) for 30 min prior to running the assay.
The parallel-plate flow chamber (Glycotech, Rockville, Md.) was setup as shown
in Figure S. 4.3. Using a syringe pump (PhD 2000, Harvard Apparatus, Holliston,
USA) cells were first rinsed with 1 mL PBS, 1 mL of MBs solution at a wall shear
rate of 100 sec” (flow rate = 0.164 mL/min) and subsequently with 2 mL PBS at
1000 sec” shear rate. Binding of MBs was visualized using a Celestron
PentaView LCD Digital Brightfield S4 Microscope with 20x objective. Images
were recorded and the extent of binding assessed by comparing the area covered

by MBs to the total area covered by cells in each image using image analysis

(FLJT) software.”*"!

5.5.5 Animal Model
All animal studies were approved by the Animal Research Ethics Board at
Sunnybrook Health Sciences Centre. Mice were maintained with 12 hour

light/dark cycles and given food and water ad libitum. 231/LM2-4 cells which are

TTCO—anti—uPAR preparation, cell culture and flow assay was conducted with Mahmoud El-
Gamal.
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a highly metastatic variant of the human breast cancer cell line MDA-MB-231
were used in the in vivo studies. Preparation of the tumour mice xenograft was

performed by Melissa Yin.

5.5.6 Tumour Extraction
Mice were sacrificed directly after imaging and the tumours were excised,

rinsed with PBS, frozen in liquid N; and then stored at -80 °C.

5.5.7 Ultrasound (US) Imaging

Imaging Non-linear contrast mode ultrasound imaging was performed
using a Vevo 2100 imaging system (VisualSonics). Imaging was performed at 18
MHz on 231/LM2-4 tumour bearing mice using a solid-state transducer (MS-250;
VisualSonics). During imaging, animals were kept under anesthesia using
isoflurane (4% initiation, 2% maintenance). Using a syringe pump (600 pL/min)
and in random order, mice were injected with 70 uL of either MBr, followed by
MB1t,.1co-anti-upAR O MBr,.1C0-anti-upar followed by MBr,. After each injection,
MBs were allowed to circulate for 4min before a destruction replenishment
sequence was initiated. A set of 200 frames was acquired before a continuous
high power destruction pulse (100% transmit power) was applied within the
imaging window. Freely circulating MBs were allowed to refill the tumour for 5
seconds before acquiring another set of 200 frames. There was a 20 min delay
after each imaging to ensure complete clearance of previously injected MBs. The

differential targeted enhancement (dTE) signal was measured using the advanced
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contrast quantification software analysis tool (VevoCQ, VisualSonics). Regions
of interest were determined based on the distribution of the MBs in the tumour
(the vascular region), which was the same in each mouse between the two types of

MBs injected.

5.5.8 Tumour lysate preparation

Excised frozen tumours were divided to two halves, one for lysate
preparation and the other for immunohistochemical analysis. Frozen tumour was
thawed and put into lysis buffer containing 1% IGEPAL CA-630 (Sigma-Aldrich,
13021), 20 mM Tris pH 8.0 (Sigma-Aldrich, 154563), 137 mM NaCl (Sigma-
Aldrich, S6191), 10% glycerol (Caledon Laboatories, 5350-1), 2 mM EDTA
(Sigma-Aldrich, E5134) and Protease Inhibitor cocktail (Bioshop, PIC003).
Tumour was then homogenized using VWR PowerMax AHS 200 homogenizer (5
x 75 mL troemner) and lysate was collected after centrifugation (2000 x g, 5 min)
and washing 3x with PBS. Protein concentration was determined using a Pierce®

BCA Protein Assay Kit (ThermoFisher Scientific).

5.5.9 Western Blot analysis on 231/LM2-4 tumour lysates

Using immunoblotting, uPAR-expression in 231/LM2-4 tumour lysates
was assessed. 10 pg of protein from each cell lysate was loaded on 10% Mini-
PROTEAN TGX precast gels and fractionated by SDS-PAGE. After electro-
transferring the protein extracts to polyvinylidene difluoride (PVDF) membranes,

the PVDF membrane was incubated with a mixture of Rabbit anti-uPA receptor
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antibody (ab103791, 1:100) and B-actin (13E5) rabbit mAb (Cell Signalling
Technology, 49708, 1:2000) overnight at 4 °C. Following washing the membrane,
it was incubated with AP-Goat anti-rabbit IgG (H+L) (Jackson ImmunoResearch,
111055045, 1:5000) for 1 hr at room temperature. The membrane was finally
washed and incubated with a chemiluminescent reagent (ECF substrate, GE

RPN5785) for 5 min and imaged using a STORM 840 imaging system.

5.5.10 Immunohistochemistry analysis on 231/LLM2-4 tumour slices

Frozen tissue slices of the tumour (20 um thick) were thawed and
incubated for 15 min in 4% PFA (paraformaldehyde) in PBS at room temperature.
Slides were then washed with 0.25% Triton X-100 and 0.1% Tween before
outlining the sections with immunopen. Slices were incubated with a blocking
buffer containing 2% donkey serum, 1% BSA, 0.1% Tween 20 and 0.3 M glycine
in PBS for 1 hr at room temperature. Tissue sections were then incubated with a
mixture of hamster anti-CD31 antibody [2H8] (ab119341, 1:100) and rabbit anti-
uPA receptor antibody (ab103791, 1:100) overnight at 4 °C. The targets were then
visualized with fluorescein (FITC) AffiniPure goat anti-Armenian hamster IgG
(H+L) (Jackson immuno; 127-095-099, 1:100) and Cy5-conjugated AffiniPure
donkey anti-rabbit IgG (Jackson Laboratories, 711-175-152, 1:200) respectively.
After washing with 0.1% tween in PBS, slices were mounted using permount +
DAPI mounting medium and covered with a cover slip. All slices were imaged

using an upright brightfield and fluorescent microscope (BX53, Olympus) and
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images are captured using a QImaging Retiga 2000R camera (monochromatic,
BX53) and processed using cellSens Dimension™ software. As a control, slices
were also imaged without incubation of any antibody to visualize auto
fluorescence and without primary antibody to visualize any non-specific binding

of the secondary antibody.
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6 Chapter 6: Data analysis and application of
bioorthogonal chemistry to other classes of US

contrast agents

6.1 Image acquisition and processing refinement for targeted US

imaging using tetrazine functionalized microbubbles (MBr,)

6.1.1 Introduction

All US imaging experiments described in previous chapters were based on
the acquisition sequence reported by Willmann and coworkers''! (Figure 6.1). In
collaboration with the Foster group, the evaluation of targeting MBr, to VEGFR2
in vivo using the direct and pre-targeted strategy in a larger cohort of animals was
performed and the data compared to the traditional targeting approach used by
Willmann and coworkers.!"! After looking at the results, it was found that a new
US sequence was needed due to the difference in distribution and stability of
streptavidin coated MBs (MB() loaded with biotin-Tz (MBry,) versus biotin-

antiVEGFR2 antibody (MBy) used by Willmann e al.*

* The work described in sections 6.1 was done through collaboration with Dr. Stuart Foster’s
group. A manuscript on this work is under preparation for submission to the journal of Ultrasound
in Medicine and Biology as a technical note. The paper is coauthored with Melissa Yin where all
the experiments were conceived and performed equally by Melissa and myself.
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6.1.2 Results and Discussion

6.1.2.1 In vivo US imaging of VEGFR?2 using the previously reported’ US
Image Acquisition Sequence

The pre-targeting strategy was evaluated in a mouse bearing a Lewis Lung
Carcinoma tumour that is known to express VEGFR2. Tumour xenograft mice
(n= 4) were injected with TCO-antiVEGFR2 antibody (100 png, 200uL) 24 hr
before imaging session. In the imaging session, the pre-treated mice were injected
with MBr, (70 pL, ~ 6.9x10° MBs/mL) and US imaging was conducted as
previously reported.” Briefly, MBs were allowed to bind to the target and clear
from circulation for 4 min before a distruction replenishment sequence was
initiated (Figure 6.1). As a control, another set of tumour xenograft mice (n= 3)
that had not been pre-treated with TCO-antiVEGFR2, were injected with the same
amount of MBr, and imaged following the same US sequence. US images were
analyzed as previously reported in Chapter 3™*) and US signal enhancement and

parametric images were produced.
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injection and clearance burst

Figure 6.1 Original US image acquisition sequence used by Willmann and
coworkers.'! MBs are injected and allowed to bind to the target and clear from

circulation for 4min before initiating the destruction replenishment sequence

(dTE).

Looking at the parametric US images overlaid on the non-linear contrast
mode US image, we found that higher signal enhancement when injecting MBr, to
mouse xenografts pre-treated with TCO-antiVEGFR2 was observed (Figure 6.2).
These results correlate with the previously reported imaging results.”
Furthermore, when quantifying the signal enhancement in the images, the pre-
targeting strategy had 2.6 fold more signal enhancement and was significantly

higher than that of non-targeted MBr, (Figure 6.3).
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Control Pre-targeted

Figure 6.2 Transverse color-coded parametric nonlinear contrast mode ultrasound
images acquired 4 min after intravenous administration of MBr, to left: Lewis
Lung Carcinoma tumour model (VEGFR2 +) without administering TCO-
antiVEGFR2; and right: pre-administered with TCO—-antiVEGFR2 24 hr before
imaging. Regions of interest were based on the vascularity of the tumours
determined from the initial distribution of the MBs following injection. dTE=

differential targeted enhancement.

P =0.03
30 1

25 1
20 1

15 1

dTE (a.u.)

10 1

Control Pre-targeted

Figure 6.3 Quantitative analysis of the differential targeted enhancement (dTE)
signal obtained from the ultrasound images. Control= MBr, without pre-treating
the animal with TCO-antiVEGFR2 24 hr before imaging (n= 3), and pre-
targeted= MBr, in animals pre-treated with TCO-antiVEGFR2 24 hr before
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imaging (n= 4). *Statistically significant difference (p= 0.03) relative to control

(analyzed using one-way ANOVA).

6.1.2.2 Comparison of Targeting Strategies

A direct head-to-head comparison between the traditional approach (MBy)
involving biotinylated antiVEGFR2 directly ligated to MBs, pre-targeting (MBr,
+ TCO-antiVEGFR2) and direct targeting (MBr,rco-aniveEGrr2) Strategies was
conducted. Mice bearing a Lewis Lung Carcinoma tumour (n= 6 per study) were
injected with either MBy, MBrt, (non-targeted control) or MBr,.1co-antivEGER2-
Furthermore, another set of mice (n= 6) were injected with TCO-antiVEGFR2
(200 pg, 100 puL) 24 hr before imaging with MBr, to evaluate the pre-targeting
strategy. The imaging sequence and US data analysis was performed as

previously discussed (Figure 6.1).

Looking at the quantified US signal enhancement (Figure 6.4), we found
that other than the conventional targeting strategy (MBy), both the direct and
indirect strategy did not show much difference in signal enhancement compared
to the control. This was unexpected since the direct strategy (MBr,1co-antivVEGFR2)
and conventional approach (MBy=MBgitin-aniiveEGrr2) €mployed the same antibody
and MBs differing only in the nature of the linker. Furthermore, the results
obtained using the pre-targeting strategy did not coincide with the previous

evaluation in section 6.1.2.1 (Figure 6.3).
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Control Direct targeting Pre-targeting Conventional

Figure 6.4 Quantitative analysis of the differential targeted enhancement (dTE)
signal obtained from the ultrasound images. Control= MBr, without pre-treating
the animal with TCO-antiVEGFR2 24 hr before imaging, direct targeting= MBr,.
TCO-antiVEGFR2, pre-targeting= MBr, in animals pre-treated with TCO-antiVEGFR2

24 hr before imaging and conventional= MBy.

A full quantitative analysis of the US signal enhancement, which
correlates to the amount of MBs in the imaging window, was performed in all
mice used in the study (Table 6.1). One observation was the relatively low peak
enhancement during the pre-targeting strategy evaluation (419 au. = 130)
compared to conventional, control and direct targeting experiments (824 a.u. +
271; 792 a.u. + 108 and 744 a.u. = 230 respectively). This suggested that the
amount of MBs injected during the evaluation of the pre-targeting strategy was
less than that in the other studies. This could be due to either an error during the
tail vein injection or due to not using a fresh batch of MBs during the imaging

session, whereby the concentration of intact MBs would decrease.
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Table 6.1 Summary of the quantified US signal enhancement within the imaging
window for each mouse. Peak enhancement represents the US signal
enhancement upon injecting the MBs (i.e. amount of MBs injected); Pre-burst
enhancement represents the US signal before bursting the MBs (i.e. signal
coming from bound and free-circulating MBs); Post-burst enhancement
represents the signal after bursting MBs within the region of interest (i.e. signal

coming from free-circulating MBs).

Peak Enhancement (a.u.) Pre-burst Enhancement (a.u.) Post-burst Enhancement (a.u.)

M1 931 803 648
M2 824 656 452
Control M3 610 541 384
(MBr) M4 828 644 488
M5 819 536 457
M6 741 550 420

AVERAGE 792.17 621.67 474.83
M1 1049 729 496
M2 601 435 289
Direct targeting Strategy M3 700 475 394
(MBr;.7c0-antivEGFR2) M4 402 305 219
M5 916 677 620
M6 796 461 386

AVERAGE 744.00 513.67 400.67
M1 627 424 312
M2 369 256 177
Pre-targeting Strategy M3 461 392 238
(MBr, + TCO-antiVEGFR2) M4 480 434 287
M5 284 256 174
M6 295 256 184

AVERAGE 419.33 336.33 228.67
M1 1167 433 168
M2 1019 564 286
Conventional M3 644 390 149
(MBy= MBgiotin-antiveGFR2) M4 1009 393 186
M5 561 335 141
M6 545 340 144

AVERAGE 824.17 409.17 179.00

A plot of the US signal intensity (which correlates to number of MBs
within the imaging window) over time during the destruction replenishment
sequence for MBr,, MBr,.1co-anivecrrz and MBy was created (Figure 6.5).
Although the peak signal enhancement from all the MBs was relatively similar,
lower post-burst signal when using MBy compared to the other evaluated MBs
constructs was observed (Figure 6.5). This indicated that even when the amount

of bound and circulating MBs between the three conjugates was relatively the
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same, the amount of replenished MBy was significantly less. Such observation
suggests that MBs loaded with biotin-antiVEGFR?2 clear differently than the other
MBs conjugates (MBr,, MBr,.tco-antivecrr2). This suggested that the original US
imaging sequence was not optimal to assess the extent of MBr, binding and that a

new targeted US imaging sequence was needed.

Contrast Mean Power (Linear a.u.)

Figure 6.5 A plot of the change in US signal intensity within the imaging window
(the tumour) over time during the differential targeted enhancement sequence. a)
Signal enhancement monitoring at 4 min after injection of MBr,, b) Signal
enhancement monitoring at 4 min after injection of MBr,.1co-antivegrr2 and ¢)
signal enhancement monitoring at 4 min after injection of MBy. MBrt,.1co-anti-
vEGrrR2= MBrt, incubated with TCO-anti-VEGFR2 for 20 min; MBy= MBc
incubated with biotin-anti-VEGFR2 for 20 min.

6.1.2.3 Development of the new US Image Acquisition Sequence
Before developing the new sequence, there was a need to determine the
clearance rate of MBs conjugates in order to choose the optimal time to initiate the

differential  targeted enhancement sequence. MBs clearance within the
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imaging window (the tumour) was assessed and compared to streptavidin-coated
MBs (MB¢) using US. Each mouse (n= 2 per study) was injected with MB¢ and
the decrease in US signal enhancement (i.e. number of MBs) over time (6 min)
was monitored. Following MBg, either MBr,.rco-antivecrr2 or MBy was tested and
a plot of the change of US signal enhancement over time was created. A steep
decrease in the US signal (i.e. decrease in circulating MBs) when monitoring
MBy compared to non-conjugated MBs (MB¢) or MBr, pre-loaded with TCO-
antiVEGFR2 (MBr,.rco) was observed (Figure 6.6a). Furthermore, MB¢ and
MBr,.tco had similar clearance rates (Figure 6.6a). The percentage of residual US
signal enhancement using each MBs conjugate was calculated by dividing the US
signal enhancement at the end of the plot over the US signal enhancement at a
specific time point after injection of MBs (Figure 6.6a, red dashed line). After 6
min of MBs injection, the amount of MBs left circulating were 85%, 80% and
45% for MBc, MBr,.tco and MBy respectively (Figure 6.6b). This suggests that in
order for the circulating MBs to not significantly interfere with the quantification,
the US image acquisition should be initiated at a time at which the number of

MBs is decreased by at least 50%.

Based on this goal, clearance of MBr, over 25 min was assessed to
determine the optimal time to initiate the US sequence. Lewis Lung Carcinoma
models were injected with MBr, via the tail vein and US signal enhancement in

the tumour was monitored for 25 min. The monitoring was conducted every 6.25
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min until 25 min and the same study was performed with MB¢ for comparison.
Looking at the plot of the US signal enhancement over time, similar clearance rate
of MBr,and MB¢ were found (Figure 6.7). The plot was then used to determine
the optimal time when the amount of circulating MBs was reduced by half. Based
on the graph, 24 min was found to be the optimal time to initiate the US image
acquisition sequence. Based on those experiments, a new differential targeted

enhancement US sequence was developed to image using MBr, (Figure 6.8).

a) b) ¥ 85%
80%

1) x 1000

a0 45%

B-Mode Mean Power (a.

0 50 100 150 200 250 300 350 400 Mec MB-Tz-TCO MBv

time (sec)

Figure 6.6 a) Monitoring the change in US signal intensity (i.e. number of MBs)
within the field of view (the tumour) over time upon bolus injection of
streptavidin coated MBs (MB¢, blue), MB¢ loaded with biotin-Tz and TCO-
antiVEGFR2 (MBrt,.rco, maroon) and MBc¢ loaded with biotin-antiVEGFR2
(MBy, grey); b) Percentage residual US signal enhancement (i.e. number of MBs)
after 6 min of administering MBs via the tail vein. Red dashed line in (a)
represents the time point chosen to quantify the US signal. MBc= unmodified
MBs; MBt,.tco= MBr, incubated with TCO-anti-VEGFR2 for 20 min; MBy=
MBc incubated with biotin-anti-VEGFR2 for 20 min.
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Figure 6.7 Monitoring the change in US signal intensity (i.e. number of MBs)
within the field of view (the tumour) over time upon bolus injection of
streptavidin coated MBs (MBc, blue) and MB¢ loaded with biotin-Tz (MBr,,
maroon). Monitoring was conducted in 6.25 min sessions for 4 times (total

monitoring time = 25 min).
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Figure 6.8 Revised US image acquisition sequence. MBs are injected and allowed
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to bind to the target and clear from circulation for 24 min before initiating the

destruction replenishment sequence (dTE).

6.1.2.4 Invivo US imaging of VEGFR?2 using the new acquisition sequence
The newly developed US image acquisition sequence was used to
reevaluate the direct and pre-targeting strategy using MBr,. As a control, each
mouse (n= 2) was imaged with MB¢, which were allowed to clear before
evaluating either of the targeting strategies within the same plane of view. Briefly,
MBs were injected and allowed to bind and clear for 24 min before initiating the
destruction replenishment sequence. In the pre-targeting strategy, mice (n= 2)
were injected with TCO-antiVEGFR2 (100 pg, 200 puL) 24 hr before imaging
study. Parametric images and quantified US signal enhancement were analyzed as

previously described.™

Looking at the parametric US images, we find that qualitatively higher
signal enhancement was observed using both the direct targeting strategy (Figure
6.9) and pre-targeting strategy (Figure 6.10) compared to non-conjugated MBs
(MB¢). When quantifying the US signal enhancement, ~2 fold and 2.5 fold
increase in the signal enhancement was observed when using the direct and pre-
targeting strategy respectively (Figure 6.11). In this evaluation, the pre-targeting
strategy did have higher signal enhancement than the direct strategy but a study
with higher number of animals is needed to determine if the difference is

statistically significant.
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Direct Targeting Strategy

14
dTE [dB]
Gain:5 DR:5

M BTZ-TCO-antiVEGFR2

Figure 6.9 Transverse color-coded parametric nonlinear contrast mode ultrasound
images of Lewis Lung Carcinoma mouse tumour model (VEGFR2(+)). Images
were acquired 24 min after intravenous administration of non-conjugated MBs
(MBg, top), followed by another imaging session 24 min after intravenous
administration of MB¢ loaded with biotin-Tz and TCO-antiVEGFR2 (MBr,.rco-
antiVEGFR2, bottom) in the same mouse and the same plane of view. Each column
represents a mouse (n= 2) and region of interest was based on the vascularity of
the tumours determined from the initial distribution of the MBs following

injection. dTE = differential targeted enhancement.
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Pre-targeting Strategy

19'

14
dTE [dB]
Gain:5 DR:5

Figure 6.10 Transverse color-coded parametric nonlinear contrast mode
ultrasound images of Lewis Lung Carcinoma mouse tumour model (VEGFR2(+))
pre-administered with TCO—-antiVEGFR2 24 hr before imaging. Images were
acquired 24 min after intravenous administration of non-conjugated MBs (MBc,
top), followed by another imaging session 24 min after intravenous administration
of MBc¢ loaded with biotin-Tz (MBr,, bottom) in the same mouse and the same
plane of view. Each column represents a mouse (n= 2) and region of interest was
based on the vascularity of the tumours determined from the initial distribution of

the MBs following injection. dTE= differential targeted enhancement.
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B Pre-targeting
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MB,, MB,

Figure 6.11 Quantitative analysis of the differential targeted enhancement (dTE)
signal obtained from the ultrasound images. Blue: dTE signal quantified from the
pre-targeting strategy evaluation and maroon: dTE signal quantified from the
direct targeting strategy evaluation. MBc: streptavidin coated MBs, MB1,: MB¢

loaded with biotin-Tz; n= 2 per evaluation.
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6.2 The development and evaluation of Tz- and TCO- functionalized

gas vesicles as potential targeted US contrast agents

6.2.1 Introduction

With the new sequence in hand, which will in future be used with targeted
MBr, based systems, focus shifted to other classes of US contrast agents that
could exploit the Tz-TCO chemistry. Because of the known limitations of MBs as
US contrast agents, which is largely due to their size and limited in vivo stability,
there is an increasing interest in nano-sized echogenic agents with improved in
vivo stability. One example are gas vesicles (GVs) which are produced by aquatic

bacteria to help control their buoyancy for ideal access to nutrients and light."*

Genetically encoded GVs that are produced in Halobacteria are biconical
in shape, 45-250 nm in width and stabilized by a 2 nm protein shell."*) One unique
aspect of these GVs is their shell’s permeability to gas,”) making them less

pressure sensitive and more stable than MBs."

Furthermore, Shapiro and
coworkers have demonstrated that these GVs are echogenic and have US
enhancing properties both in vitro and in vivo.”! Because of their echogenicity,
small size and higher stability, this class of GVs can be imaged for longer periods

of time and can be used to access biomarkers beyond the vasculature. The latter

would require the development of new targeting strategies.
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The amine groups in the protein shell of GVs provide a site for
functionalization using TCO-NHS and Tz-NHS amide coupling chemistry. The
long shelf life of these GVs in solution (up to one month) make them suitable for
surface modification and preclinical in vitro and in vivo studies. The initial focus
was to prepare TCO-conjugated GVs (TCO-GVs) and label with a *"Tc-Tz
derivative developed by Holly Bilton from our group. These experiments were
performed to determine the feasibility of modifying the surface of this class of
contrast agents and to assess the hitherto unknown in vivo distribution of GVs
using ex vivo tissue gamma counting and SPECT-CT imaging. As a complement
to the TCO-GVs, Tz-derivatized GVs were also developed by Lili Southcott, a 4™
year thesis student in our group under my supervision. Only the TCO derivatives

are described here.
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6.2.2 Results and Discussion®

TCO-conjugated GVs (TCO-GVs) were prepared by adding excess of an
activated TCO (TCO-NHS) to GVs at pH 8. The solution was left mixing in a
shaker for 2.5 hr and TCO-GVs were purified by dialysis and concentrated using
centrifugal flotation (Figure 6.12). *™Tc-labeling of GVs was performed by
taking advantage of the fast and selective reaction between Tz and TCO. First, a
tridentate chelate derivative of tetrazine 1 was synthesized, fully characterized and
labeled with ™Tc¢ in 45% radiochemical yield (**"Tc-Tz, compound 3b). The
purity and identity of 3b was determined by HPLC through co-injection with the

fully characterized rhenium derivative 3a as a reference standard (Scheme 6.1 B).

o
HaN - X
iy _NH, \‘//o ° Sz
o PBS [*
a GVs + N L Y, —  ~ o N GVs o
¥ 7 oo p=8 | B <
3 ¢] : N No x
& | o s 25hrs RT o v J
1{ z =0 ¢
3

Figure 6.12 Representation of the chemistry used to prepare TCO-conjugated
GVs

¥ This manuscript is under preparation for submission to the journal of Ultrasound in Medicine
and Biology. I was responsible for developing the TCO-conjugated GVs and preparing the **"Tc-
labeled GVs. Holly Bilton was responsible for developing and characterizing the precursor, the Re
standard and *"Tc-labeled Tz derivative. Melissa Yin prepared and provided the GVs and Johann
Le Floc’h is leading the project and conducting all the SPECT-CT imaging experiments.
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Scheme 6.1 A) Synthesis of tetrazine-Tc(I) and Re(I) complexes 3a and 3b
respectively. 1. PyBOP, DIPEA, DMF, ((4-tetrazine-3-yl)phenyl)methanamine
hydrochloride, rt, 12 h 2. (i) [Re(CO)3(H,0);]Br, CH3;CN, MW, 60 °C, 20 min.
(i) TFA, DCM 60 °C (MW), 6 min. 3. (i) [™Tc(CO)3(H20)3]", MeOH, saline,
60 °C (MW), 20 min. (ii)) TFA, DCM, 60 °C (MW), 6 min. B) HPLC
chromatograms (UV and vy) of 3a (top) co-injected with 3b (bottom).

Compound 3b was then introduced to the solution of TCO-GVs at room
temperature and left shaking for 30 min. *™Tc-labeled GVs (*™Tc-GVs) were
then washed with PBS and purified from any residual 3b using centrifugal
flotation (Figure 6.13). As a quality control, a sample of the mixture was taken
before and after purification, sonicated and injected into a HighTrap size-

exclusion cartridge attached to an HPLC (Figure 6.14). The gamma trace of the

crude mixture showed two broad peaks, one representing **"Tc-GVs (R= ~ 2
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min) while the other is free **"Tc-Tz (3b, R= ~ 6 min). After purification, HPLC
(gamma) exhibited one peak where the desired product was isolated in 59%

radiochemical yield (RCY).
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Figure 6.13 Representation of the chemistry used to label TCO-GVs with

compound 3b.
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Figure 6.14 Analysis of *"Tc-labeled GVs using a HiTrap size-exclusion
cartridge attached to an HPLC (y-detection). Top: y-Trace of crude reaction
mixture containing **"Tc-GVs and free ™ Tc-Tz; bottom: y-trace of " Tc-GVs

after centrifugal flotation purification.

In vivo distribution of *™Tc-GVs was evaluated by ex vivo tissue counting
following necropsy and dynamic SPECT/CT imaging. For the tissue counting

study, *™

Tc-GVs were injected in healthy mice before sacrificing the animals at
5, 20, 60 and 120 min. The amount of activity in each organ was measured in a
gamma counter and normalized to the weight of the organ (n= 3 per time point).

The percent-injected dose per gram (%ID/g) plot was produced showing initial

accumulation of *™Tc-GVs in the gall bladder, liver, lung, spleen and urine
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bladder (Figure 6.15). *™Tc-GVs accumulation in the small intestine increased
while a decrease was observed in the previously mentioned organs over time. As
expected, these GVs clear through the reticuloendothelial system (RES), which is
commonly associated with comparable nanoparticles. /n vivo dynamic SPECT/CT
imaging scans further confirm the previous observations. **™Tc-GVs uptake (in
%ID/cc) was observed in the liver (42%), spleen (27%), duodenum (15%),
stomach (2%) and bladder (15%). GVs were rapidly and consistently taken-up in
the liver, reaching a plateau within 60 sec and then decreasing slightly after 30

min. In contrast, duodenum uptake was only observed after 20 min (Figure 6.16).

160+

HEl 5min

B 20 min

Bl 60 min
120 min

Tissue/Organ

Figure 6.15 Bar graph representation of in vivo biodistribution of *™Tc-GVs in
CDI1 mice. Mice were sacrificed at 5 min, 20 min, 60 min and 120 min post-

injection. Data are expressed as percent injected dose per gram of tissue/fluid

179



Ph.D. Thesis — A. Zlitni; McMaster University — Chemistry and Chemical
Biology

(%ID/g) (n= 3 per time point).
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Figure 6.16 Time activity curves (TACs) showing the uptake of **™Tc-GVs in

mouse organs (bladder, duodenum and liver) over time.

6.2.3 Conclusion

The ability to modify the surface of GVs by taking advantage of the Tz-
TCO reaction was demonstrated. Using this approach, GVs were labeled with
#™Tc and quantitative biodistribution data obtained for the first time. Similar in
vivo studies in tumour bearing mice to evaluate the feasibility of these GVs to
accumulate in the tumour through enhanced permeability and retention effect
(EPR) are planned. Having established an easy and translatable platform to
derivatize GVs, future work will also include adding groups (e.g. PEG spacers) to

reduce RES sequestration. Once successful, the translation of the modified GVs in

targeted US imaging will be evaluated on previously studied targets (i.e.
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VEGFR2, PSMA and uPAR). The ability of these GVs to extravasate will expand

the utility of targeted US molecular imaging.
6.2.4 Experimental

6.2.4.1 Synthesis of compound 1, 2, 3a and 3b:
The synthesis and characterization of compounds 1, 2, 3a and 3b were
accomplished by Holly Bilton from the Valliant research group and reported in a

published meeting abstract."®’

6.2.4.2 Gas vesicle (GVs) preparation and purification:

GVs were produced in Halobacteria salinarum NRC-1 (Halo, Carolina
Biological Supply, Burlington, NC) and purified by centrifugal assisted flotation
following a previously reported literature procedure.”! The GVs were provided by
Melissa Yin from Dr. Stuart Foster’s group at Sunnybrook Research Institute in

Toronto.

6.2.4.3 Preparation of TCO-conjugated Halo GV's:
(E)-Cyclooct-4-enyl-2,5-dioxopyrrolidin-1-yl ~ carbonate ~ (TCO-NHS)
(855.1 pg, 3.2 umol; Click Chemistry Tools, 1016-100) in DMSO (197.3 uL) was
added to a solution of GVs (ODsponm= 55.2, 1.8 mL) in PBS and incubated for 2.5
hr at room temperature on a shaker. The TCO-GVs were then purified from
excess TCO-NHS using a dialysis kit (Spectra/Por 1 Dialysis Tubing, 132645; 6-8

kDa MWCO) overnight at 4 °C and concentrated to the original volume using
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centrifugal flotation at 300 rcf for 15 min.

6.2.4.4 *"Tc-labeling of TCO-GVss:

Compound 3b (774 pCi, 29 MBq, 100 pL) in PBS was added to TCO-
GVs (ODsponm= 50, 400 pL) and incubated for 30 min at room temperature on a
shaker (Figure 6.13). Using centrifugal flotation at 300 rpm and washing with
PBS excess compound 3b was removed (2x). For quality control, a sample of
both the crude and purified mixture was sonicated and injected in a HiTrap size
exclusion column attached to a gamma detector. The column was eluted with 100
mM ammonium bicarbonate in water at 1 mL/min flow rate (Isocratic elution 0-8

99m

min 100%). The peak representing Tc-GVs eluted at ~2 min and peak

representing free compound 3b eluted at ~6 min (Figure 14). RCY=59%

6.2.4.5 Animal Studies

All animal studies were approved by the Animal Research Ethics Board at
McMaster University. Mice were maintained under clean conditions in an
established animal facility with 12 hour light/dark cycles and given food and

water ad libitum.

6.2.4.6 In vivo biodistribution study in healthy mice

Biodistribution studies were performed on female, 5-6 week old, CD1
mice ordered from Charles River Laboratory (Kingston, NY). Mice were injected
with approximately 0.4 MBq of *™Tc-GVs. At 5 min, 20 min, 60 min and 120

min post-injection (n= 3 per time point), mice were anesthetized with 3%
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isoflurane and euthanized by cervical dislocation. Blood, adipose, bone, brain,
gall bladder, heart, kidneys, large intestine and caecum (with contents), liver,
lungs, lymph nodes (axillary and brachial), pancreas, skeletal muscle, small
intestine (with contents), spleen, stomach (with contents), thyroid/trachea, urine +
bladder and tail were collected, weighed and counted in a Perkin Elmer Wizard
1470 Automatic Gamma Counter. Decay correction was used to normalize organ

activity measurements to time of dose preparation for data calculations with

respect to injected dose (i.e. %ID/g) (Figure 6.15, Table 6.2).

Table 6.2 Tissue distribution of ™ T¢-nGVs in CD1 mice

Time (mmin)

Organs 5 20 60 120
Blood 1.51 £ 0.02 0.83 £ 0.04 0.59 £ 0.03 050+ 0.01
Adipose 0.13£ 0.01 0.10 £ 0.00 0.06 £ 0.01 0.14£ 0.03
Bone 1.85£ 0.28 1.33 £ 0.08 0.71% 0.34 0.54£ 0.25
Brain 0.03 £ 0.00 0.02 £ 0.00 0.01£ 0.00 0.01 £ 0.00
Gall Bladder 54.20 £ 9.30 125.87 + 32.69 64.26 £ 26.98  120.75 + 29.09
Heart 036+ 0.03 027+ 0.03 0.22 £ 0.02 0.19 £ 0.02
Kidneys 2.61 % 0.08 1.85+0.13 225+ 0.64 2.08 £ 0.25
Lg Intestine + Caecum 0.08 = 0.00 0.05+ 0.00 0.07+ 0.02 408+ 1.51
Liver 42.00 £ 3.70 34.04 £ 4.66 14.05 £ 5.72 16.77 £ 7.50
Lungs 13.37+ 3.14 11.85 % 1.69 457+ 2.18 3.26 %+ 1.53
Lymph nodes 038+ 0.04 035+ 0.05 0.36 + 0.06 0.30 £ 0.09
Pancreas 0.19 £ 0.06 0.10 £ 0.01 0.08 £ 0.01 0.12 £ 0.03
Skeletal Muscle 0.14+ 0.01 0.11 £ 0.02 0.08 £ 0.01 0.08 £ 0.02
Sm Intestine 1.57 % 0.27 3.74% 0.58 1037+ 1.41 14.45 £ 5.30
Spleen 17.52 + 3.57 11.83+2.19 534+ 2.65 547+ 271
Stomach 0.51%0.10 0.17£ 0.03 098+ 0.29 1.00 £ 0.42
Thyroid/Trachea 0.48 £ 0.07 0.28 £ 0.03 0.27 % 0.02 0.29 £ 0.05
Urine + Bladder 16.12 + 6.54 29.70 £ 1.57 18.53 £ 5.30 30.12 £ 3.89

Data are expressed as %ID/g + SEM
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6.2.4.7 SPECT/CT imaging of **"Tc-GVs in healthy mice"

Dynamic whole body scans were performed on U-SPECT using a high
energy collimator. Mice were anaesthetized with isoflurane (2-2.5% maintenance)
and body temperature was maintained at 37 °C. Following dose calibration of
#MTe-GVs, a frame was acquired prior to its injection. Subsequent frames were
then collected at frame rate raging from 30 to 70 sec for up to 90 min. Mice were
then scanned in vivo with microCT (pixel size= 35 um, keV, pA) to obtain
anatomical details. For calibration of SPECT images, a 1 mL syringe filled with a
solution of known activity of *"Tc-GVs in PBS was scanned. SPECT images
were reconstructed (0.512 mm?® voxelsize, 16 subsets, 15 iterations), corrected for
decay, scattering and attenuation and calibrated. Images were then processed
using the segmentation and 3D rendering tools in PMOD (PMOD Technologies
Ltd). SPECT/CT experiments were performed using healthy mice (n= 5) and

imaging studies were performed following injection in the tail vein of either intact

or collapsed ™ Tc-GVs (2.2-5.4 MBq, 90-130 pL, ODsgonm= 18).

*

" Provided by Dr. Johann Le Floc’h
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7 Chapter 7: Summary and Future work

7.1 Summary

The overall objective was to develop a platform for the preparation of
targeted and multi-modal US contrast agents. In Chapter 2, methods to prepare

and characterize MBs labeled with the radioisotope **™

Tc and/or a rhodamine dye
were developed. The use of the signaling moiety on the MBs to characterize
distribution, surface functionalization and loading capabilities were shown to be
feasible. Various fluorescent assays were also developed to confirm
functionalization of MBs. In the same chapter, means to prepare targeted multi-
modal MBs were also investigated. Such approach depended on the ability to load
two biotinylated ligands on the surface of streptavidin-coated MBs, one
representing the signaling agent with the other being the targeting vector. This
resulted in the development of a series of novel biotinylated derivatives of a
PSMA inhibitor, which were evaluated in a PSMA binding assay. With this
strategy, the first example of *”"Tc-labled MBs targeted to VEGFR2 (a marker of
angiogenesis) and PSMA (a marker for prostate cancer) in vitro were reported.
Unfortunately, this approach was only able to target MBs in vitro but in vivo
studies were not successful. Nevertheless, the platform to conjugate and purify
MBs, the associated assays (flow chamber, fluorescent binding, loading study)
and choice of optimal cells for in vitro and in vivo evaluation were utilized in the

ultimately successful approach.
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The initial strategies for MBs functionalization led to the creation of a new
approach to target MBs for molecular US imaging applications. Such strategy was
needed due to the cumbersome and long development pathways currently faced
when developing targeted MBs using conventional approaches. The new strategy
employed the bioorthogonal reaction between Tz and TCO. Tz-coated MBs
(MBT,) were developed and targeted to the biomarker of interest either by directly
attaching a TCO-antibody (direct targeting strategy) or by injecting TCO-antibody
first, allowing the targeting construct to clear from circulation and non-target
sites, followed by injection of MBr, (pre-targeting strategy). This thesis provides
the first example of using bioorthogonal chemistry to localize micron-sized
particles for molecular US imaging. The first target of interest was VEGFR2, a
marker of angiogenesis widely evaluated using targeted US imaging providing a
means to directly compare the new strategy to conventional methods (Chapter 3).
MBr, was then targeted to PSMA-expressing cancer cells in vitro and in vivo
using the direct and pre-targeting strategy (Chapter 4). Furthermore, in vivo
analysis provided a comparison between using two different PSMA antibodies to
target MB1, to PSMA. Finally, the new strategy was also evaluated to target MBs
to a known marker of cancer, uPAR (Chapter 5). In vitro analysis showed the
feasibility of targeting MBs to uPAR expressing cells unfortunately, in vivo

studies proved unsuccessful.

Subsequent work focused on improving the arising US data by modifying
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image acquisition parameters and applying the TCO-Tz chemistry to an emerging
class of nano-US contrast agents (Chapter 6). To this end a new US image
acquisition sequence was developed to better evaluate targeting of MBr, using the
pre- and direct targeting strategy in vivo. In addition, the Tz-TCO platform was
then translated to modify the surface of nano-sized GVs, as potential US contrast
agents. This facilitated the labeling of TCO-modified GVs with *™Tc to study

their biodistribution.
7.2  Future Work

7.2.1 Expanding the technology to develop targeted human-compatible

MBs

Having established the effectiveness of targeting MBs to the site of disease
using Tz-TCO chemistry, the next step is to adapt the approach to create targeted
human compatible MBs. More specifically, means to develop Tz-coated MBs
without the use of biotin-streptavidin interaction are necessary. One simple
approach involves preparing a Tz-derivative of FDA approved US contrast agents.
Because of the existing regulatory and manufacturing data, such route could

potentially simplify the translation of the new constructs to the clinic.

In collaboration with GE Healthcare, two FDA approved US contrast
agents have been obtained (Optison™ and Sonazoid™)(Table 1.2). Optison™ is a
perflutren gas-filled MBs stabilized by a human serum albumin (HSA) shell. We
hypothesize that the amine functional groups on HSA can provide an accessible

188



Ph.D. Thesis — A. Zlitni; McMaster University — Chemistry and Chemical
Biology

21 Briefly, Tz can be conjugated to the surface of

site for modification.!"
formulated MBs through amide coupling chemistry. Surface functionalization will
be first confirmed using fluorescent microscopy after incubating MB-Tz with a
commercially available TCO-Cy5 dye. Targeting of the new construct to

previously evaluated vascular markers in vitro and in vivo will be conducted as a

proof of principle study.

Sonazoid™ is a perfluorobutane gas filled MBs stabilized by a
phosphatidyl serine shell. Otani and coworkers have demonstrated the ability of
targeting Sonazoid™ MBs to ayfs integrin in vitro by loading these MBs with
lactadherin.””! The C2 domain of lactadherin binds to phosphatidyl serine and its
N-terminal domain binds to ayBs and ayPs integrin'® (Figure 7.1). In order to
translate our previously established platform to prepare Sonazoid™-coated Tz
MBs, commercially available lactadherin can be coupled to Tz through amide
coupling chemistry before loading on MBs. From the work reported by Otani and
coworkers, loading Sonazoid™ with lactadherin did not affect its size or US
properties.”! Furthermore, they showed that the binding of lactadherin to
Sonazoid™ MBs was strong enough to withstand vigorous shaking.”! Although
the lactadherin-Sonazoid™ construct was only evaluated in vitro, translating this

agent to prepare Tz-coated MBs is promising.
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Milk fat globule-EGF factor 8 protein (Mfge8)
Lactadherin

\ 1 J
|
N-terminal Factor VIlI-homologous domains
\_Y_I \ J
|
Binds to a5 and Stereospecific binding
a,Bs integrin to phosphatidyl-serine

Figure 7.1 A schematic illustrating the structure of lactadherin

One major hurdle in the production of these two agents is the long
processing time needed to prepare these Tz-coated MBs (more than 2 hr). In
addition, having multiple purification steps will increase the chances of
contamination and decrease the number of prepared MBs. This is why
transforming this strategy to a stable and reproducible instant kit without the need

for purification will be crucial to facilitate its translation into the clinic.

As mentioned in section 1.4.4, after more than two decades of research on
developing targeted US contrast agents, only one is in clinical trials (BRS5S,
specific to VEGFR2). We believe that developing human-compatible Tz-coated
MBs would provide a single agent that can be easily translated to different targets
just by changing the TCO-conjugated antibody, thus simplifying the route to

evaluate other markers of disease using targeted molecular US imaging.
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7.2.2 MB:s as shuttles for drug and imaging probe delivery

When combining MBs with high intense focused US (HIFU), higher
vascular and cellular membrane permeability is observed (sonoporation).>
There is therefore increased interest in using MBs as vehicles for delivery of
drugs and molecular imaging probes. Such strategy provides better means to
deliver less stable therapeutics or compounds with poor pharmacokinetic
properties to the site of interest.”®" Furthermore, the combination of MBs with
HIFU has been shown to temporarily disrupt the blood brain barrier, a major
hurdle in developing therapeutics for central nervous system disorders (CNS),
allowing for delivery of therapeutics into the CNS.""'” Another advantage of
using MBs as shuttles is the potential reduction of drug side effects by preventing

their interaction with other sites in the body.!>*!

The chemistry developed during the course of the work presented in this
thesis offers different means to load drugs on to US contrast agents. The
developed Tz-coated contrast agents can be loaded with small molecule,
biological, or nanoparticle- based pharmaceuticals on the surface using the inverse
electron demand Diels-Alder reaction. One potential nano-carrier that can be
linked to MBs are pluronic F127-based micelles. Pluronic F127 has a temperature
sensitive critical micelle concentration (CMC), resulting in its conversion to
monomers once the temperature is lowered.!'"! However in the presence of a

hydrophobic compound, pluronic F127 produces kinetically robust micelles
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(Figure 7.2).'% “Frozen” micellar naphtallocyanines were used previously by
Zhang and coworkers for multi-modal functional imaging of the intestine. The
micelles were shown to be stable in the gut and effective as imaging agents for
photoacoustic and PET imaging."*! Based on those studies, Tz-functionalized
pluronic F127 (Tz-F127) can be prepared (Scheme 7.1) and used to form frozen
micelles in the presence of a hydrophobic therapeutic or imaging agent. Finally,
those micelles can be loaded on TCO-conjugated US contrast agent for drug

delivery using sonoporation.

a " b)wwgmf
@?@ ~ Ay #
O

c)

PEO PPO PEO

A\ N

Pluronic F127 Hydrophobic compound

Figure 7.2 A schematic illustrating the preparation and purification of frozen
micelles (adapted from Zhang and coworkers).!'* a) Formation of pluronic F127
micelles in the presence of a hydrophobic compound resulting frozen micelles and
unloaded micelles, b) decreasing the temperature to 4 °C resulted in forming
monomers of the unloaded micelles and ¢) purified frozen micelles with no
presence of unloaded micelles. PEO: polyethylene oxide, PPO: polypropylene

oxide.
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Scheme 7.1 Proposed scheme for preparation of Tz-functionalized Pluronic F127.

The amine functionalized Tz used can be replace by any other derivatives of Tz.

The first step of this scheme is adapted from Zhang and coworkers.|
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APPENDIX 1

Supporting Information for Chapter 3

Materials, Instruments and General Information

All chemicals and reagents for synthesis were purchased from Sigma-
Aldrich, EMD chemicals, Toronto Research Chemicals and Bachem and were
used without further purification. Compounds 2,"*! 3P! and 4" were prepared
following literature procedures. Solvents were purchased from Caledon and dried
using a Pure-Solv system (Innovative Technology). Microbubbles (MBs) were
obtained using MicroMarker™ Target-Ready Contrast Agent Kit (VisualSonics
Inc., Toronto, Canada; 8.4 x 10 MBs/vial).[” Streptavidin coated magnetic beads
(New England BioLabs) and MACSIMAG™ Separator (MiltenyiBiotec) magnet
were used during the purification of MBs. 'H and "C NMR spectra were
measured on a Bruker Avance AV-600 spectrometer (‘H = 600.13 MHz, °C =
150.90 MHz). 'H and C NMR chemical shifts are expressed in parts per million
(ppm) while coupling constants are expressed in Hertz (Hz). Low-resolution mass
spectra were obtained on an Agilent 630 ion trap electron spray ionization (ESI)
instrument, using a 1200 series LC system eluting with H,O:MeOH (1:1). High-
resolution mass spectra (HRMS) were obtained using a Waters Micromass Global
Ultima Q-TOF in ESI mode. Conjugated-antibodies were analyzed on a MALDI
Bruker Ultraflextreme Spectrometer. HPLC (analytical and semi-preparative) was
performed on a Varian Pro Star model 330 PDA detector monitoring at 254 nm
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with a model 230 delivery system. For analysis of compounds, a Phenomenex
Synergi Polar-RP 80A column (4 pm, 4.6 x 250 mm) was used, eluting at a flow
rate of 1.0 mL/min. For semi-preparative HPLC, a Phenomenex Synergi Polar-RP
80A column (4 pm, 10.0 x 250 mm) was used, eluting at a flow rate of 4.0
mL/min. HPLC method 1: Solvent A = 0.1% trifluoroacetic acid (TFA) in water;
Solvent B = 0.1% TFA in acetonitrile: gradient elution, 5% B at injection, 39% B
(0-8 min), 95% B (8-11 min), 95% B (11-18 min), 5% B (18-19 min), 5% B (19-
21 min). MBs size and concentration were determined using Z2 Coulter counter

(Beckman Coulter, Fullerton, California).

Synthesis of N-(4-(1,2,4,5-tetrazin-3-yl)benzyl)-6-(5-((45)-2-oxohexahydro-
1H-thieno[3,4-d]imidazol-4-yl)pentanamido)hexanamide (5)
(4-(1,2,4,5-Tetrazin-3-yl)phenyl) methanamine hydrochloride (6.2 mg,
0.033 mmol) was dissolved in dry DMF (1 mL) containing TEA (0.033 mL, 0.24
mmol) and added to a solution of dry DMF (2 mL) containing 4 (25 mg, 0.049
mmol). The mixture was stirred at room temperature under argon for 1 hour
before removing the solvent by rotary evaporation and drying the resulting pink
solid under vacuum overnight. The solid was subsequently dissolved in a mixture
of MeOH:DCM and purified by semi-preparative HPLC (R; = 13.9 min). The
product was isolated as a pink solid (13 mg, 75%). HRMS (ESI+) m/z for
CpsH34N50;S: calculated 527.2553, observed 527.2527. '"H NMR (DMSO-d6, 600

MHz):  10.58 (s, 1H), 8.46 (d, 2H, J= 8.4), 8.44 (t, 1H, J= 6.0), 7.74 (t, 1H, J=
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6.0), 7.53 (d, 2H, J= 8.4), 6.41 (bs, 2H), 4.39 (d, 2H, J= 6.0), 4.30 (dd, 1H, J,=
4.8, J5=7.8), 4.12 (dd, 1H, J,= 4.8, Jg= 7.5), 3.09 (m, 1H), 3.01 (q, 2H, J= 6.6),
2.81 (dd, 1H, J= 5.4, J5= 12.6), 2.57 (d, 1H, J= 12.6), 2.18 (t, 2H, J= 7.8), 2.04
(t, 2H, J= 7.8), 1.64-1.37 (m, 8H), 1.37-1.23 (m, 4H); "*C NMR (DMSO-d6, 150
MHz) § 172.3, 171.8, 165.4, 162.7, 158.1, 145.1, 130.3, 128.0, 127.8, 61.0, 59.2,

55.4,41.8, 38.3,35.3,35.2,29.0, 28.2, 28.0, 26.2, 25.3, 25.0.

Preparation of TCO-modified antiVEGFR2 antibody.

AntiVEGFR?2 antibody (eBioscience, 14-5821) (1mL, 500 pg, 3.34 nmol)
was added to 6uL of (E)-cyclooct-4-enyl-2,5-dioxopyrrolidin-1-yl carbonate
(TCO-NHS, 17.8 pg, 66.6 nmol) in DMSO (18 pL). The pH of the solution was
adjusted to 9-9.5 by adding 10 pL of 1 M Na,COs(aq). The solution was left on a
shaker overnight at 4 °C. The desired product was isolated from excess TCO
using an Amicon Ultra-0.5 Centrifugal filter (30 kDa) and washed with PBS three
times. The molecular weight of the sample before and after the conjugation was
determined by MALDI-TOF MS indicating an average of 2.8 TCO groups per

antibody.

Cells and Culture Methods.

A431 (CRL-1740) cells were cultured in DMEM media supplemented
with 10% fetal bovine serum and 1% penicillin streptomycin. H520 (HTB-182)
cells were cultured in RPMI-1640 media supplemented with 10% fetal bovine

serum and 1% penicillin streptomycin. SKOV-3 (HTB-77) cells were cultured in
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McCoy’s 5a media supplemented with 10% fetal bovine serum and 1% penicillin

streptomycin. The cell lines were maintained at 37 °C under 5% CO..

Western Blot analysis.

VEGFR2-expression in H520 and A431 cell lysates was verified through
immunoblotting. 10 pg of protein from each cell lysate were loaded on 10% Mini-
PROTEAN TGX Precast gels. The protein extracts of the cell lysates were
fractionated by SDS-PAGE and electro-transferred to polyvinylidene difluoride
(PVDF) membranes. The PVDF membrane was incubated with a rabbit
antiVEGFR2 primary antibody (Millipore 07-158) in a 1:250 dilution overnight at
4 °C. After washing the membrane with goat anti-rabbit secondary antibody
(Jackson Immuno Research, 111-055-045) a chemiluminescent reagent (ECF
substrate, GE RPN5785) was then applied to the membrane for 5 min and an
image collected using a STORM 840 imaging system. B-actin (Cell Signaling

Tech. 4970) was used as a protein loading control.

Preparation of Microbubbles (MBs).

Streptavidin coated MBs (MicroMarker Target-Ready contrast agents,
VisualSonics) were reconstituted in 500 pL sterile saline (0.9% sodium chloride)
according to the manufacturer’s instructions. To prepare the tetrazine-coated MBs
(MBt;), compound 5 (1.4 mg, 2.7 X 10° mmol) was dissolved in 1 mL of
saline:MeOH (1:1 v/v) and 50 pL added dropwise to the reconstituted MBs. After

45 min, 200 pL of the solution was removed carefully with minimal agitation of
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the bubbles and was discarded. Streptavidin coated magnetic beads (200 puL) were
added whereupon after 20 min, 200 pL of solution was removed carefully and
discarded and the sample placed beside a magnet. After decanting the solution
MBs were rinsed with 200 pL saline and then transferred to another vial. MBs
labeled with antiVEGFR2 (MBy) were prepared similarly except that biotin-

antiVEGFR2 (eBioscience 13-5821, 200 uL) was used in place of 5.

VEGFR2 Binding Assay.

H520 cells (8 x 10°) were plated in a 6 well plate 2 days prior to running
the assay. Cells were washed with media (3 x 1 mL) before incubating with TCO-
antiVEGFR2 (30 pg, 0.2 nmol) in media (1 mL) for 30 min at room temperature.
Compound 5 (2.63 pg, 5 nmol) diluted in media (1 mL) was then incubated with
the cells for another 15 min at room temperature followed by washing with media
(3 x 1 mL). FITC-antiBiotin (300 pug, 2 nmol) diluted in media (1 mL) was added
to the cells for 30 min before washing with PBS (3 x 1 mL). Cells were lysed in
ImL of 1 % Triton X-100 at 37 °C for 30 min and samples transferred to a 96
well plate and the fluorescence measured (Tecan infinite M1000). The excitation
wavelength was 495 nm and emission monitored at 520 nm. To determine the
amount of non-specific binding of § and FITC-antiBiotin, the fluorescence of cell
lysates that had not been incubated with the TCO modified antibody were also
measured. Furthermore, as a positive control, commercially available biotin-

antiVEGFR2 (eBioscience 13-5821, 30 pg, 0.2 nmol) in media (1 mL) was
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incubated with H520 cells and FITC-antiBiotin added subsequently and the

fluorescence determined as described above.

Flow Chamber Cell Adhesion Assay.

H520 and A431 cells (8 x 10°) were plated separately on 30 mm Corning
tissue culture dishes 2 days prior to running the assay. For MBr, and associated
control experiments TCO-antiVEGFR2 (30 pg) diluted in PBS (1 mL) was
incubated for 30 min prior to running the assay. The parallel-plate flow chamber
(Glycotech, Rockville, Md.) was connected to the tissue culture dish and the latter
inverted. Using a syringe pump (PhD 2000, Harvard Apparatus, Holliston, USA)
cells were first rinsed with PBS for 2 min, the MB solution for 4 min at a wall
shear rate of 100 sec” (flow rate = 0.164 mL/min)"! and subsequently with PBS
for 2 min at 1000 sec”’ shear rate. Binding of MBs was visualized using a
Celestron PentaView LCD Digital Brightfield Microscope with 20x objective.
Movies and images were recorded and the extent of binding assessed by
comparing the area covered by MBs to the total area covered by cells in each

image using image analysis (FIJI) software.'

Animal Models.

All animal studies were approved by the Animal Research Ethics Board at
McMaster University. Mice were maintained with 12 hour light/dark cycles and
given food and water ad libitum. A431 (CRL-1555, VEGFR2-) and SKOV-3

(HTB-77, VEGFR2+) cells were purchased from ATCC. Female 4-5 week old
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CDI nu/nu mice (Charles River Laboratories, Wilmington, MA) were injected
with 2.0 x 10° A431 or 2.6 x 10° SKOV-3 cells in Matrigel:DPBS (1:1)
subcutaneously into the right flank. Ultrasound studies were performed 10 days

following tumor inoculation.

Ultrasound (US) Imaging.

Non-linear contrast mode ultrasound imaging was performed using a Vevo
2100 imaging system (VisualSonics) and a 20 MHz high-frequency solid-state
transducer (MS-250S; VisualSonics) having a lateral and axial resolution of 165
and 75 um respectively. The focal length was 6.04 mm, transmit power was 4%
and dynamic range was 35 dB. During imaging, animals were kept under
anesthesia using isoflurane (3.5-4.5%) in medical air. Mice receiving TCO-
labeled antibody were injected with 200 uL of TCO-antiVEGFR2 in PBS (0.5
ng/uL) 24 hours prior to imaging. MBs injections (approximately 6 x 10’ MBs)
were performed via the tail vein (70 pL). After 4 min a destruction-replenishment
sequence was initiated ! where 120 imaging frames were acquired before a
continuous high power destruction pulse (100% transmit power) was applied to
the MBs within the imaging window. Freely circulating MBs were allowed to
refill into tumor vessels for 6 seconds before acquiring another set of 120 imaging
frames. Images were analyzed using the Advanced Contrast Quantification
Software Analysis Tool (VevoCQ, VisualSonics). Regions of interest were drawn

over the area with highest vascularity in the tumors based on the distribution of
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MBs observed following injection. The extent of binding in each case was
determined by subtracting the average intensity over 120 frames acquired after
destruction from the average intensity of the 120 frames acquired before

destruction.!!
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Figure S 3.1 'H NMR spectrum (DMSO-d6, 600 MHz) of N-(4-(1,2,4,5-tetrazin-
3-yl)benzyl)-6-(5-((4S)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-

yl)pentanamido)hexanamide (5)
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Figure S 3.2 °C NMR spectrum (DMSO-d6, 150 MHz) of N-(4-(1,2,4,5-tetrazin-
3-yl)benzyl)-6-(5-((4S)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-

yl)pentanamido)hexanamide (5)
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Figure S 3.3 HRMS (ESI+) of N-(4-(1,2,4,5-tetrazin-3-yl)benzyl)-6-(5-((4S)-2-
oxohexahydro-1H-thieno[ 3,4-d]imidazol-4-yl)pentanamido)hexanamide (5)
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Figure S 3.4 Analytical HPLC (UV) trace of N-(4-(1,2,4,5-tetrazin-3-yl)benzyl)-
6-(5-((4S)-2-oxohexahydro-1H-thieno|[3,4-d]imidazol-4-
yl)pentanamido)hexanamide (5)
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Figure S 3.5 MALDI-TOF analysis of TCO-antiVEGFR?2 (top) and antiVEGFR2
(bottom)
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Figure S 3.6 Western blot analysis of VEGFR2 expression in A431 and H520 cell

lysates
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Figure S 3.7 Differential targeted enhancement (dTE) signal obtained from the
ultrasound images. (a) MB, + TCO-antiVEGFR2 (b) antiVEGFR2 targeted MBs
(MBy) (¢) MBry, in the absence of TCO-antiVEGFR2 (d) MBy, + TCO-
antiVEGFR2 in a VEGFR2(—) tumour model (e) unmodified MBs (MBc).
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APPENDIX 11

Supporting Information for Chapter 4
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Figure S 4.1 MALDI-TOF MS analysis of J591 (top) and TCO-J591 (bottom).

The difference in molecular weight between the two samples showed an average

of 1.2 TCO molecules per antibody.
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Figure S 4.2 Structure of biotin-Tz
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Figure S 4.3 Schematic diagram of the components and function of the parallel
plate flow chamber used to test and visualize the binding of MBs to cultured cell

lines. Flow conditions that result in a shear rate of 100 sec” were determined by

application of the syringe pump.
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Figure S 4.4 PSMA protein expression by LNCaP and PC-3 cell lines compared
by western blot. Cell lysates where from PSMA transfected (+ve) PC-3 cells,
PSMA (-ve) PC-3 cells, and LNCaP cells grown in culture. Arrows indicate
MW markers (75 and 25 kDa).
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Figure S 4.5 Western Blot analysis of PSMA expressed by LNCaP tumors. Cell
lysates were prepared and proteins separated by electrophoresis, before
immunostaining for PSMA and B-actin. Top band indicates PSMA (97 kDa), and

bottom band B-actin. Lysate from LNCaP cells grown in vitro are shown on right.
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Figure S 4.6 PSMA protein expression in LNCap tumor lysates, analyzed by
western blot and after normalizing to B-actin levels. No significant difference in
PSMA expression is among six tumors found (western image analysis was done

using ImageQuant TL).
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Figure S 4.7 Mice were given LNCaP xenograft tumors (green outline) as
described in methods. Transverse color-coded parametric images overlaid on a
nonlinear contrast mode ultrasound images were acquired 4 min after intravenous
administration of either non-targeted MBr, (top) or direct PSMA-targeted MBr,.
1c0-J591 (bottom). Signals are indicated by dTE= differential targeted

enhancement (color scale, right).
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Figure S 4.8 Mice were given LNCaP xenograft tumors (green outline) as
described in methods. Transverse color-coded parametric images overlaid on a
nonlinear contrast mode ultrasound images were acquired 4 min after intravenous
administration of either non-targeted MBr, (top) or direct PSMA-targeted MBr,.
tco-anti-hu/muPSMA (bottom). Signals are indicated by dTE= differential

targeted enhancement (color scale, right).
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