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Abstract

Technetium-99m (**™Tc) radiopharmaceuticals are widely used for
diagnostic imaging of heart, kidney, and liver disease, and cancer. Evolution from
perfusion type tracers to targeted agents however has proven difficult. **™Tc
labeled antibodies for imaging specific disease biomarkers would be of great
interest, however the disparity between the isotopes half-life (6 hours) and the
long circulation time of most antibodies (multiple days) has been a significant
barrier. Furthermore, the conjugation of bifunctional **™Tc-chelate complexes to
small molecules often has a detrimental impact on targeting. The use of
bioorthogonal chemistry derived from tetrazines and trans-cyclooctene
derivatives, along with pretargeting has the potential to overcome these issues
and create a new generation of targeted **™Tc radiopharmaceuticals.

Initially, the synthesis of three generations of imidazole based tridentate
chelates linked to a tetrazine was completed. These new ligands were labeled
with **™Tc under mild conditions (60 °C, 20 min, pH 3.5) with modest to good
radiochemical yields ranging from 31 to 83%. Biodistribution studies revealed that
compound 14, which contains a polyethylene glycol 5 (PEGs) linker had the best
clearance from non-target tissues. Compound 14 was also used successfully in a
pretargeting strategy along with a transcyclooctene (TCO) derivative of the bone
targeting bisphosphonate, alendronate (ALN). One hour following the
administration of TCO-ALN to BALB/c mice, compound 14 was injected

intravenously where uptake at sites of high calcium turn over (i.e. the joints) was
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observed. At 6 hours post injection, for example, uptake reached as high as 20.1
+4.91 and 16.1 = 4.84 %ID/g in the knee and shoulder, respectively.

Pretargeted imaging studies were performed subsequently with a TCO-
functionalized huA33 antibody in mice bearing SW122 xenografts. The TCO-
huA33 antibody was injected 24 hours before the administration of two
radiolabeled tetrazines at high and low specific activities. At 6 hours post injection
tumour uptake was minimal, with tumour: blood ratios <1 in all cases. Blood
clearance studies determined that the tetrazines were being cleared rapidly, with
a blood residence half-life of 1.3-2.1 minutes. The hypothesis is that the low
concentration of the antibody (owing to its high molecular weight), combined with
the rapid clearance of the tetrazine and significant off-target uptake resulted in
unfavorable kinetics and low tumor binding.

Studies of the clearance pathway of 14 were investigated with clinically
approved hepatobiliary transport inhibitors to help understand the mechanism of
clearance, which could in turn be used to optimize the pharmacokinetics of the
tetrazine ligands. A range of different inhibitors of key clearance pathways were
evaluated with limited success. However, co-administration of 14 with ALN
resulted in a 75% decrease in gall bladder uptake of 14 (216 + 75.9 to 33.6 + 3.93
%ID/g). Pretargeting studies of 14 with TCO-ALN in the presence of excess ALN
revealed that ALN did not hinder the uptake of TCO-ALN in the bone, with all

organs and tissues having the same uptake with TCO-ALN or TCO-ALN + ALN
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(knee: 20.1 = 491 and 14.9 = 2.43 %ID/g, respectively). There was also a
concomitant decrease in gall bladder uptake (91.5 = 17.1 to 28.8 + 2.63 %ID/g).

Further work on improving the distribution of the tetrazine ligands involved
investigating the effect of the chelate. The core chelate found in 14 without the
tetrazine moiety (compound 11a) was labeled with **™Tc to produce 11b in a 31%
radiochemical yield. Biodistribution studies of 11b and 14 at 6 hours post injection
demonstrated that the imidazole-based *™Tc-chelate was a major factor in the
rapid and significant uptake and retention in the liver and gallbladder. A new
triazole based chelate with optimal clearance from Kluba and coworkers was
synthesized in 45% yield and successfully labeled with **"Tc (compound 23a).
Biodistribution studies were performed where at 6 hours post injection, 23a had
five times lower uptake in all non-target organs compared to 11b. The synthesis
of a tetrazine derivative of 23a (compound 32) unfortunately demonstrated high
hepatobiliary uptake compared to the original triazole chelate (gall bladder: 228 +
251 and 8.77 = 0.73 %ID/g, large intestine: 85.5 + 83.5 and 6.88 + 0.30 %ID/g,
respectively). This particular derivative had a lipophilic linker as a result of the
synthetic challenges faced during the preparation of a more hydrophilic triazole-
tetrazine derivative.

In addition to pretargeting applications, the **"Tc-tetrazine was used as a
reagent to create multimodal imaging agents. Nanoscale gas vesicle (GV)
ultrasound contrast agents were functionalized with TCO via an amide coupling to

lysine residues. TCO-GVs were then radiolabeled by adding compound 6 where

Vi
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the desired product, a new multimodal probe, was obtained in 59% radiochemical
yield. SPECT imaging and biodistribution studies in mice were completed where
the labeled GV’s showed uptake in the gall bladder (120 + 29.1 %ID/q), liver (16.8
+ 7.50 %ID/g), lungs (3.26 + 1.53 %ID/g), small intestines (14.5 + 5.30 %ID/g),
and spleen (5.47 = 2.71 %ID/g) at 120 min post injection. In addition to
radiolabelling, the TCO-GVs were also functionalized with a near IR-tetrazine dye
to produce a multimodal ultrasound/photoacoustic (US/PA) imaging agent in a

68% vield.
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Chapter 1: Introduction

1.1  Molecular imaging

Molecular Imaging (Ml) is a non-invasive technique that is used to image
biochemical processes at the cellular level, without perturbing the system under
study.’™® Ml not only has the ability to identify the location of disease, but can also
characterize specific molecular markers simultaneously. Furthermore, in
oncology, MI has the ability to provide information across the entire disease
burden, rather than a subset of tissue which is a known limitation of pathology
done on biopsy samples.* The ability of Ml to characterize tumours and identify
the presence of specific targets is becoming an increasingly important tool to use
in conjunction with the increasing availability of targeted therapies. For patients,
this results in better outcomes, fewer complications and shorter hospital stays.®

There are several different Ml modalities including magnetic resonance
imaging (MRI), ultrasound (US), positron emission tomography (PET), and single
photon emission computed tomography (SPECT). When selecting a MI modality,
several factors have to be considered such as the spatial resolution required,
level of sensitivity needed, if whole body imaging is necessary, and the depth of
penetration required. Select features of the most widely used (clinically) Ml

modalities are summarized in Table 1.1.
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Table 1.1 Key features of major molecular imaging modalities. Cost of systems: $

= <$100,000; $$ = $100,000-300,000; $$$ = >$300,000 (figures in USD).°

Imaging Resolution Depth of Time Cost
Modality Penetration
MRI 10-100 pym Whole body = Minutes-hours $$%
us 50 ym Millimeters Minutes $$
PET 1-2 mm Whole body Minutes $$%
SPECT 1-2 mm Whole body Minutes $$

1.2 Molecular imaging probes

MI probes are used with certain imaging modalities to help visualize
specific biochemical targets and pathways, and are typically comprised of three
main components. The first is a signaling component, which makes the probe
observable by external detectors (paramagnetic metal complexes for MRI,
ionizing radiation for PET and SPECT, fluorescent molecules for optical imaging,
etc.). The second component is a targeting vector. A targeting vector must be
highly selective for its target, and accumulate at the area of interest with
substantially less uptake in other tissues. There are many different targeting
vectors used in literature, ranging from small molecules, to peptides, to
antibodies.”'® The third component of a Ml probe system is a linker, which is

responsible for tethering the targeting vector and signaling component. The linker
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can also be used to modify the hydrophilicity of the probe through the addition of

different functional groups.

»—

Targeting vector Linker Signaling component

Figure 1.1 Schematic showing the key components of a Ml probe.

1.3 Nuclear imaging

Nuclear imaging is a subset of Ml that utilizes radioisotopes as a signaling
component to image disease. Nuclear imaging works by detecting ionizing
radiation (gamma rays) emitted from radioactive isotopes and converting that into
a visual representation of distribution. Under the umbrella of nuclear imaging,
there are two main imaging modalities: positron emission tomography (PET), and
single photon emission computed tomography (SPECT). PET relies on isotopes
that decay through the release of positrons, while SPECT relies on isotopes that

decay through the emission of gamma rays.

1.3.1 Single Photon Emission Computed Tomography
Although PET scans have higher sensitivity than SPECT, the latter is more

readily available, where gamma cameras and/or SPECT scanners can be found

3
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in almost every major hospital."”

This is due to the lower capital cost of gamma
cameras versus PET cameras, and historically lower cost of SPECT isotopes
compared to those for PET.? Furthermore, many SPECT isotopes such as indium-
111 ("'In), technetium-99m (**™Tc), and iodine-123 (**l) have longer half-lives
than the most commonly used PET isotopes (2.8 days, 6 hours, and 13.2 hours

respectively), making it easier to synthesize, purify, and distribute imaging agents

beyond the facility in which they are produced.

1.3.2 Technetium-99m
For SPECT, *™Tc remains the predominant radioisotope for imaging.'®
®MTc has nearly ideal nuclear properties (tiyz2 = 6 h, 140 keV, 89%

91819 and is widely available from **Mo/**™Tc generators at a low

abundance),
cost.?® Developed by Lebowitz and Richards in 1974, the ®Mo/**"Tc generator is
comprised of an aluminum oxide column loaded with ®*Mo in the form of
molybdate (**Mo[Mo0,%1).2" Upon the decay of **Mo (B decay, ti2 = 66 h) to
9MTc, pertechnetate (**"Tc[TcO4]) is formed. The free *°™Tc[TcO4] can then be
eluted from the generator using saline due to its mono-anionic charge. This is

achieved by attaching a vial of saline to the generator paired with an evacuated

collection vial on the opposite end of the alumina column (Figure 1.2).
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) 9mTe[TcO,)
Saline in saline

|
_I

Aluminum oxide
column (loaded with
99Mo[MoO,J2")

Lead Shielding

Plastic cover

Figure 1.2 Schematic of a **Mo/**"Tc generator.?°

Tc is a group 7 transition metal that forms complexes in a variety of
oxidation states ranging from -1 to +7. When **™Tc is eluted from a **Mo/*™Tc
generator, [Na]**"Tc[TcO,] has an oxidation state of +7.2" To label a molecule
with #*™Tc, sodium pertechnetate must first be reduced to a lower oxidation state
in the presence of a suitable ligand. This is often performed using reducing
agents such as tin(ll) chloride or sodium borohydride. Most commonly, *™Tc is
used in the +1, +3 and +5 oxidation states for radiopharmaceutical applications.
The relatively recent development of a method to produce *™Tc[Tc(CO)s(OHz)s]*
in water has created the opportunity to develop novel SPECT agents through
substitution of the labile water molecules. The associated **™Tc(l) complexes
have increased stability compared to earlier *™Tc(V) metal complexes,? where
the strong field CO ligands with the right chelate form robust *™Tc(l) complexes

that can be readily linked to targeting molecules.
5
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To simplify the preparation of *™Tc[Tc(CO)s]* complexes, Alberto and
coworkers developed a facile single-step instant kit method for the production of
99MTe[Tc(CO)s(OHz)s]*. This chemistry employs potassium boranocarbonate
(Ko[HsBCOy]) as a reducing agent and solid source of CO. In the presence of
elevated temperatures in water, K;[H3BCO,] decomposes to produce formate
(HCOO"), carbon monoxide (CO), hydrogen (H.), and tetrahydroxyborate
[B(OH)4]. The kits typically contain a buffer such a sodium tetraborate, and
sodium tartrate as a complexing agent to stabilize intermediate oxidation states of

99MT¢ formed during the reduction process.

1.3.3 Technetium-99m(l) Chelates

9MTc[Tc(CO)s(OHy)s]* if administered alone shows widespread distribution
with persistent uptake seen in the kidneys (13.5 + 2.9 %ID/g), liver (10.2 = 2.3
%ID/g), lungs (7.9 = 6.5 %ID/g), and blood (3.6 + 0.8 %ID/g) at 24 hours post
injection.?® Therefore, as a means of creating targeted *™Tc agents derived from
the %MT[Tc(CO)s]* core, several bifunctional bidentate and tridentate *°*™Tc(l)
chelates have been developed. Such chelates have been prepared with a mixture
of N, O, and S donor atoms that often include heterocycles such as pyridines,
imidazoles, triazoles, and quinolines. Owing to their stabilities in vitro and in vivo,
tridentate chelates are preferred when preparing targeted radiopharmaceuticals.?

Although many of the early tridentate chelates demonstrated excellent

stability, results in vivo showed slow clearance from non-target tissues, with
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persistent uptake in the liver and intestines.®**2® To overcome this issue, a family
of single amino acid chelates (SAAC) were developed to impart hydrophilicity
while also providing functional groups to allow for conjugation to peptides. Within
this family of ligands, imidazole-based chelates fitted with polar functional groups
displayed attractive properties in vivo, including rapid clearance from non-target
tissues.'® Babich and co-workers used this class of ligands to create a
radiopharmaceutical for imaging prostate-specific membrane antigen (PSMA)

(Figure 1.3)'® which is currently in late stage clinical trials.?"*®

O

OH
L 2

HO N
D 5
H2NIWN N
wto o 1J
O« OH 4
N o
S ° o o
Ho._ OH
SRS
MIP-1404

Figure 1.3 Single amino acid chelate (SAAC)-derived ligand (MIP-1404) that is

currently in phase 3 clinical trials for imaging prostate cancer.'##7729
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1.3.4 lIsostructural Rhenium Complexes

Since technetium does not possess a non-radioactive isotope, it is difficult
to characterize new *™Tc-complexes using conventional analytical methods, due
to the nanomolar quantities of product produced. For this reason, non-radioactive
rhenium (Re) complexes are often used as a surrogate to facilitate
characterization. Re is a group 7 transition metal that has a similar atomic radius
to **™Tc due to the lanthanide contraction.®® As a result, Tc and Re complexes
often form nearly identical (isostructural) complexes where the Re-complexes can
be made in large quantities, making characterization using standard techniques
(X-ray, NMR, etc.) possible. To confirm the identity of the corresponding **™Tc-
complex, the two metal complexes are co-injected on an HPLC fitted with both a
radiation and UV detector, where the corresponding peaks should co-elute and

have comparable retention times.

1.3.5 Challenges in preparing targeted **™Tc radiopharmaceuticals

When developing targeted **"Tc radiopharmaceuticals, there are several
factors that need to be considered, such as the clinical need, expression of the
target in relation to the disease or injury, and normal tissue distribution. In
addition, one must also consider the nature of the chelate, and the targeting
vector of choice. There are many different types of targeting vectors that have
been used to create radiopharmaceuticals including monoclonal antibodies

(mAbs), peptides, and small molecules.?'**'~3* Of these, mAbs have unmatched
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affinity and specificity for disease specific cellular targets.®® Although *™Tc is a
very desirable isotope for imaging, previous attempts to prepare and use *™Tc-
labeled antibodies have proven to be troublesome. This is due in large part to the
long circulation time associated with mAbs, and subsequent slow tumour uptake,
which can take upwards of 7-14 days, surpassing the 6 hour half-life of *™Tc¢.%®
Given the increasing availability of humanized antibodies, their specificity, and
high affinity for important molecular targets, a means of generating *"Tc-
antibodies would be highly desirable. However, to overcome the shortfalls of
directly labeled **™Tc-antibodies, a new radiopharmaceutical development and

radiolabeling approach is needed.

1.4 Bioorthogonal Chemistry and Pretargeted Imaging

Bioorthogonal chemistry is defined as a chemical reaction that occurs in a
living system without disrupting any endogenous biochemical process or
partaking in competing side reactions.?”**® Furthermore, a bioorthogonal reaction
must proceed in aqueous media, at physiological temperature and pH.*® Shortly
after coining the term in 2003, Bertozzi and coworkers reported the first
bioorthogonal reaction in vivo between an azide and functionalized phosphine.®®
Since this discovery, many bioorthogonal pairs have been developed, with the
aim of increasing reaction kinetics (Table 1.2). Preliminary attempts focused on

strain promoted azide-alkyne reactions. Such reactions increased reaction rates

9
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and could be performed without the need for a cytotoxic copper catalyst.
Furthermore, adding electron-withdrawing fluorine atoms, as well as additional
ring strain in the form of cyclooctyne groups further improved reaction
kinetics.>**° Ultimately, Bertozzi and coworkers reported the development of a
biarylazaoctynone (BARAC), which had an order of magnitude higher second
order reaction kinetics than previously developed agents (k> = 0.96 M s™).*!

In 2008, Fox and coworkers as well as Hilderbrand and coworkers,
reported two different bioorthogonal reactions based on the inverse electron
demand Diels-Alder reaction (IEDDA).**** These reaction pairs presented rapid
second order kinetics, exceeding alkyne-azide reactions by three orders of
magnitude.** More specifically, the tetrazine and transcyclooctene (TCO) pair
reported by Fox and coworkers had the highest reaction kinetics (k> = 2000 M's™),

and showed promise as a new way to target molecules in vivo (Table 1.2).2

Table 1.2 Bioorthogonal pairs and their second order reaction rates.

Bioorthogonal components Second order rate
constant (M's™)

O

@OMe Ns-R 0.002 %8
PPh,

— F
- F
O Ns-R 0.76 *
N
R

Na-R 0.96

10
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OOO Ns-R 0.057 ®

RO

6000 “°

R‘O/%
3000-32000 4~*°
O~

The first application of IEDDA bioorthogonal chemistry in vivo was
demonstrated by Rossin and coworkers, for the purpose of pretargeted nuclear
imaging.*® This pretargeted imaging approach was based on a two-component
system. First, a CC49-antibody with high affinity for the tumour-associated
glycoprotein 72 (TAG72) receptor was functionalized with TCO, and administered
to mice bearing LS174T xenografts. After allowing time for the TCO-targeting
vector to accumulate at the site of interest and clear from non-target tissues, a
"n radiolabeled tetrazine was injected.' The tetrazine coupled rapidly and
irreversibly with the TCO-antibody at the tumour site, generating a high contrast
image with high target to non-target ratios (Figure 1.4).

Since the work by Rossin and coworkers was published, several
radiolabeled tetrazines have been reported for SPECT and PET imaging.*’°'~*®

The pretargeting approach offers a way to overcome the disparity between using

short-lived isotopes for imaging with long circulating targeting vectors

11
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(antibodies). Despite the diversity of reported radiolabeled tetrazines, there has
been a notable absence of " Tc-labelled tetrazines, even with the use of *™Tc

being so widespread.

A) First Step Second Step

tumour
Figure 1.4 A) Pretargeting approach using a TCO-antibody and a radiolabeled
tetrazine at the tumour site.”® B) SPECT/CT image (postmortem, maximum
intensity projection) of CC49-TCO pretargeted mouse bearing LS174T

xenografts, 3 h after injection of a '''In-tetrazine.*°

1.5 Thesis Overview

The goal of this thesis was to develop the means to use bioorthogonal
chemistry to create targeted **™Tc-radiopharmaceuticals. It was hypothesized that

the IEDDA reaction between tetrazines and transcyclooctene could overcome the

12
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shortcomings of directly labeled imaging probes through the use of pretargeted
imaging. This approach involved synthesizing and characterizing a family of
tetrazine-derived chelates and developing ways to label them with **™Tc(l). The
reactivity of the **™Tc-tetrazines were evaluated in vitro and in vivo, and
pretargeting explored using TCO-functionalized small molecules and antibodies
(Chapter 2). Next, the clearance mechanism of the lead **"Tc-tetrazine was
investigated through the study of hepatobiliary transport proteins using specific
inhibitors (Chapter 3). The effect of the **"Tc chelate on compound distribution
was also evaluated, where a second generation of **"Tc-complexes were
synthesized, characterized, and evaluated in vivo (Chapter 4).

In addition, other applications of the bioorthogonal chemical reaction
between tetrazines, including the **™Tc(l) chelate developed in chapter 2, and
TCO were investigated. Using this chemistry, a platform was developed for the
facile synthesis of several multimodal imaging probes using a TCO-functionalized
nanoscale ultrasound contrast agent. These nanoscale gas vesicles were
functionalized with both SPECT and photoacoustic (PA) imaging agents on their
surface. The feasibility of both agents to perform as dual-imaging probes were

evaluated in vitro and in vivo (Chapter 5).

13
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Chapter 2: Preparation and evaluation of **™Tc-labeled
tridentate chelates for pretargeting using bioorthogonal

chemistry

Section 2.1 of the following chapter was published in the Journal of Visualized
Experiments, under the citation:

H.A. Bilton*, Z. Ahmad*, N. Janzen, S. Czorny, J.F. Valliant. J. Vis. Exp. 2017,
120, e55188. DOI: 10.3791/55188.

With respect to this publication, | was responsible for the synthesis,
characterization, and labeling optimization of compounds 6, 10 and 14. Zainab
Ahmad was responsible for the synthesis, characterization and labeling
optimization of compounds 16 and 18. Zainab and | were responsible for the
preparation and execution of biodistribution studies, where Nancy Janzen and
Shannon Czorny were also responsible for the animal preparation and necropsy

work. Prof. John Valliant was the PI.

2.1 Introduction

%MTc remains the dominant radioisotope used in diagnostic nuclear
medicine, with over 25 million imaging procedures conducted per vyear
worldwide.”™ The majority of **™Tc agents used clinically are perfusion type

radiopharmaceuticals. There are a limited number of actively targeted compounds
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in which *™Tc is directed to bind a specific biomarker through ligation to a
targeting agent. The creation of targeted *™Tc radiopharmaceuticals is often
hindered by the steric and electronic influence of *™Tc-ligand complexes, which
can prevent targeting molecules from binding the biomarker of interest.
Furthermore, the isotopes half-life is not long enough for use with higher
molecular weight biomolecules such as antibodies. Antibodies typically require
circulation times of several days before images are acquired in order for the
biomolecule to clear from non-target tissues. Pretargeting offers an alternative
approach that has the potential to circumvent these challenges.

As noted in Chapter 1, pretargeting combined with bioorthogonal chemistry
has been shown to be an effective way to develop new molecular imaging probes
for both fluorescence and radio-imaging.”® The inverse electron demand Diels-
Alder (IEDDA) reaction between 1,2,4,5-tetrazines and trans-cyclooctene (TCO)
derivatives, as shown in Figure 2.1, has been particularly effective.” The IEDDA
reaction with these components can exhibit fast kinetics in PBS (k» =~ 6,000 M's™)
and high selectivity, making it almost ideal for in vivo pretargeting
applications.'®"

The most common approach used involves administering a TCO-derived
targeting vector and, following a sufficient delay period, a radiolabeled tetrazine.
Several radiolabeled tetrazines based on carbon-11 (''C), fluorine-18 ('®F),
copper-64 (**Cu), zirconium-89 (*°zr), and indium-111 ('''In) have been

reported.’>'® In contrast, there are only two reports of *™Tc-labeled tetrazines,
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which were prepared using hydrazinonicotinic acid (HYNIC)-based ligands
requiring the use of co-ligands to prevent protein binding and degradation in
vivo."”'® As an alternative, we report here the synthesis of *™Tc(l) labeled
tetrazines using a family of ligands which form stable tridentate complexes with

the **™Tc[Tc(CO)s]* core.

o 3
-N, \
NTSN N7 ?
N\7N HN_ _~

Figure 2.1 The bioorthogonal IEDDA reaction between tetrazine and TCO.

The family of ligands prepared contain tridentate chelates that vary in
polarity and the nature of the linker group between the metal binding region and
the tetrazine (Figure 2.2). The goal was to identify a ®™Tc-tetrazine construct that
could effectively localize and react with TCO-labeled sites in vivo and rapidly clear
when not bound, in order to yield high target to non-target ratios. To test the
ligands, a TCO derivative of a bisphosphonate, alendronate (TCO-ALN) was
used.” We have shown previously that TCO-ALN localizes to areas of active
bone metabolism and can react with radiolabeled tetrazines in vivo.? It is a

convenient reagent to test new tetrazines, as it can be prepared in a single step
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and experiments can be performed in normal mice where localization occurs

primarily in the joints (knees and shoulders).

2.2 Protocol
Note that the following format is from the paper: H.A. Bilton, Z. Ahmad, N.
Janzen, S. Czorny, J.F. Valliant. J. Vis. Exp. 2017, 120, e55188. DOI:

10.3791/55188.
2.2.1 Radiolabeling of tetrazine-tridentate ligands with **™Tc

2.2.1.1 Synthesis of ¥ Tc[Tc(CO)s(OHy)s]* 2"

1. In a microwave vial, combine 8 mg K3[BH3CO,], 15 mg Na,COs, 20 mg
NazB,07-10H.0, and 25 mg KOCO[CH(OH)].COONa-4H,0. Purge the vial
for 10 min with argon gas.

2. Add 4 mL of ®™T¢[TcO4] (~1,100 MBq, ~30 mCi) in 0.9% saline to the vial.

3. Heat the reaction in a microwave for 3.5 min at 110 °C after 10 sec of
stirring to ensure thorough mixing of reagents.

4. Adjust the pH of the solution to 3.5-4 using ~400 uL of 1 M HCI. Verify

using pH paper.

2.2.1.2 Radiolabeling of tetrazine ligands 4, 8, 12, 15, and 16
1. Dissolve 2 mg of each ligand (compounds 4, 8, 12, 15, 16) in 250 uL
MeOH. 2
2. Add 250 pL of #®*™T¢[Tc(CO)s(OH.)s]* (~74 MBq, ~2 mCi) to each solution.
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3. Heat the reaction mixture using a microwave for 20 min at 60 °C. NOTE:
This step was identical for all 5 tetrazines.

4. For compounds 4, 8, 12, and 16, evaporate the solvent and re-dissolve the
resulting products in 1 mL of 1:1 v/v DCM: TFA.

5. Heat the dissolved reaction products (4, 8, 12, and 16) at 60 °C in a
microwave for 6 min (4, 8, 12, 16) or 10 min (15).

6. After cooling to room temperature, evaporate the solvent using an
evaporator (36 °C, 8 mbar, 3 min, 6,000 rpm) and dissolve the dried
compound in 1:1 ACN:H>O or 1:1 MeOH:HO, prior to HPLC purification.

7. Purify the ®*™Tc-labeled compounds (6, 10, 14, 16, and 18), including
separating the labeled product from unlabeled tetrazine ligand, using
HPLC (C18 reversed-phase). Typically, use an elution gradient of 30:70
ACN: H>O (both with 0.1% TFA) to 40:60 ACN:H>O over 20 min (18 min)
and a C18 analytical 4.6 x 100 mm column. Use both UV (254 nm) and
gamma detection.

8. Take a small sample of each labeled product and compare its HPLC
retention time to that of a co-injected, non-radioactive, rhenium (Re)-
labeled standard (0.125 mg in 20% MeOH/H20). The Re-labeled standard
is identified in the UV HPLC trace, and will elute at the same time as the
99MTc-labeled compound in the y-HPLC trace. This co-injection shows
peaks at comparable retention times, confirming the identity of the **™Tc-

labeled compound.
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9. Evaporate the solvent from HPLC fractions using an evaporator (36 °C, 8

mbar, 3 min, 6,000 rpm).

10. Formulate the purified compound at a concentration of 7.4 kBg/uL in PBS,

containing 0.5% BSA and 0.01% polysorbate-80.

11.To ensure the labeled compounds are stable, perform an in vitro stability

study. Incubate the formulated compound at 37 °C for 1, 4 and 6 h,
injecting a small amount (3.7 MBq) of the mixture on the HPLC at each

time point to assess stability.

2.2.2 Radiolabeling of tetrazine-tridentate ligands with **™Tc

2221 Preparation of animals

1.

Using 7-9 week old, female BALB/c mice (n=3), administer TCO-ALN

formulated in saline (20 mg/kg) (5 pg/uL), via tail-vein injection.

. Place mouse in physical restraint device, and identify the veins located on

the lateral surfaces of the tail and wipe with an alcohol swab. At
approximately 2 cm from the end of the tail, insert a 30-gauge needle at a
shallow angle, parallel to the vein. Slowly depress the plunger to inject,
remove needle and apply clean gauze sponge at injection site with slight
pressure until bleeding stops.

At 1 h post injection of TCO-ALN, administer ~0.74 MBq (20 uCi) of **™Tc-
tetrazine formulated in 100 pL of 0.5% BSA, 0.01% Tween-80 in PBS, via
tail-vein injection.
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2.2.2.2 Biodistribution studies

1.

At the desired time point (t = 6 h), anaesthetize the mice using 3%
isoflurane and 2% oxygen gas mixture. Demonstrate a toe pinch
withdrawal on the anesthetized mouse to ensure they are under surgical

plane of anesthesia.

. Collect blood (1 mL) via cardiac puncture using a syringe pre-treated with

heparin. Place mouse on its back with nose in the nose cone for continued
anesthesia and locate the xiphoid process on the animal. Insert a 25 G
needle, slightly to the left of the animal's midline under the xiphoid process,
at a 20° angle. Fully insert the needle, and slowly pull back on the plunger
to see blood in the needle hub if the heart was punctured. Slightly readjust
the needle while holding the plunger if necessary, to puncture the heart.
Slowly draw blood into the syringe.

Euthanize the animal by cervical dislocation, while under anesthesia.

Place each animal in a plastic bag and use a dose calibrator (**"Tc setting)
to measure the whole body activity level.

Collect the following tissues and fluids in pre-weighed counting tubes:
blood, bone (knee and shoulder), gall bladder, kidneys, liver, stomach (with
contents), small intestines (with contents), large intestines and caecum
(with contents), thyroid and trachea, urinary bladder with urine, and tail.
Rinse appropriate tissues (excluding blood, gall bladder, and urinary

bladder) in PBS to remove blood and blot dry before placing the tissues in
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appropriate counting tubes.

7. Place animal carcass in a plastic bag and measure residual whole body
activity using a dose calibrator.

8. Weigh each tube containing a tissue sample. Subtract initial weight of the
tube to obtain mass of the tissue.

9. Use a dose calibrator (**"Tc setting) to measure the amount of activity in a
test sample (100 pL) at the time of injection for each mouse. NOTE: This
test sample is equal to the injection volume, thus giving the activity count at
the time of injection.

10. At the time of tissue measurement, aliquot 5 uL of the test sample used
previously. Use a multi-detector gamma counter (**"Tc setting) and count
to obtain the count per minute (CPM) for the 5 uL test sample.

11.Use the two values obtained in 2.2.9 and 2.2.10 to calculate the activity
and CPM relationship using equation 1 to obtain a conversion factor (CPM
uCi™h.

Standard CPM X (

dose cal volume )
gamma counter volume

(1)

uCi in Standard at time of injection

12.Use the gamma counter to measure the amount of radioactivity in each
tissue or fluid sample.

13.Use equation 1 to calculate the amount of activity in each tissue or fluid at
the time of measurement relative to the total injected dose. This value is

then normalized by organ weight and reported as percent injected dose per
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gram (i.e., %ID/g) of tissue.

14.Follow steps 2.1.2 to 2.2.13 to conduct a negative control experiment using
the ®™Tc-labeled tetrazine ligands in the absence of TCO-ALN. Sacrifice
mice (n = 3) at 0.5, 1, 4 and 6 h post injection and obtain tissue or fluid as

described above.

2.3 Results and discussion

The ligands were synthesized using different linkers and chelators via a
simple reductive amination strategy (Figure 2.2), followed by coupling of the
product to a commercially available tetrazine.?*?* Radiolabeling was performed
using the same method for all compounds and was highly reproducible. The
process was optimized by varying the pH, amount of ligand, reaction time and
temperature whereupon the *™Tc-radiolabeled compounds 6, 10, 14, 16 and 18
were obtained in moderate to high radiochemical yield: 45% (6), 42% (10), 31%
(14), 83% (16), and 54% (18). Following HPLC purification from unreacted ligand
and evaporation using a Biotage V-10 evaporator, the compounds were
formulated in PBS containing 0.5% BSA and 0.01% polysorbate 80 prior to
injection. The specific activity of the purified *™Tc-labeled tetrazine was ~1.48
MBg/ug. Studies were conducted to assess the stability of the **™Tc-labeled
tetrazine ligands prior to in vivo studies. The stability was monitored by HPLC at
1, 4 and 6 h with no visible degradation over 6 h (R= 14 min), as seen in Figure

2.3 for compound 10 as an example.
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N N
D i) 2 Te(CO)s(H,0)a]* X 1
X \N -N 60 ©C, 20 min, pH 3.5 \ Xy N
_ o) Tc—=N —
) \ﬂ/ ii) TFA, DCM \ ) T
X [0} 60°C, 6 or 10 min X (o]
Compound
Chelate 15 4 12 8 17
99mTe- 16 6 14 10 18

complex

Y NN TN TNy f\(\/\oi\fg f\{\/\oj\/"z 4‘5\(/\05/0\/%

Figure 2.2 **™Tc-complexes 6, 10, 14, 16, and 18 were produced using different
linkers (Y) and donor groups (X) as shown (bottom). All compounds were
radiolabeled with **™T¢c[Tc(CO)s(OHz)s]* using the same reaction conditions (top),

with the exception of 16, which did not require step (ii).
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Figure 2.3 Stability test results using compound 10. y-HPLC traces of 10

incubated in PBS at 37 °C for 1, 4 and 6 h.

For in vivo testing, healthy BALB/c mice were used. Briefly, for each
compound, groups of mice (n = 3) were injected with TCO-ALN (100 pL, 20
mg/kg), which was followed by administration of the **™Tc-labeled compounds 1 h
later. At 6 h post-injection of the ®™Tc complexes, the animals were sacrificed
and the activity concentrations in various tissues and fluids determined. The
resulting data is reported as percent injected dose per gram tissue (%ID/g) and is

shown in Figure 2.4. Representative ratios of bone (knee or shoulder) to blood for
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each of the five **"Tc-labeled tetrazine compounds are shown on Table 2.1.
These data indicate clearly that compound 14 provided optimal targeting
combined with clearance from blood, and that there was substantial variation
among the **™Tc-tetrazines in regards to off-target tissue localization. A negative
control study using CD1 mice (n = 3) was conducted; where mice were injected
with **™Tc-tetrazine ligands in the absence of TCO-ALN. Mice were sacrificed at
0.5, 1, 4 and 6 h and %ID/g was determined for all tissues and fluids. For all
compounds tested, where data for compound 6 is presented in Figure 2.5, no
significant uptake was seen in bone or other tissues (heart, lungs, spleen, skeletal

muscle) not shown in Figure 2.4.
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Figure 2.4 Biodistribution results for *™Tc-tetrazines 6, 10, 14, 16, 18 (bars
indicated). Data shown were obtained from selected tissues and fluids taken 6 h
post injection of the radiolabeled derivatives, and activity was normalized to tissue
or fluid weight, as mean percent injected dose per gram of tissue or fluid (%ID/g)
+ SEM. Bone targets are indicated by . NOTE: All remaining tissues not shown

had mean %ID/g that was less than 1%.
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Figure 2.5 Biodistribution results for control study using **™Tc-tetrazine (6)
without prior injection of TCO-ALN. Data shown were obtained from selected
tissues and fluids taken from 3 mice at 0.5, 1, 4, and 6 h post injection of 6.
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Activity was normalized to tissue or fluid weight, as mean percent injected dose

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

Table 2.1 Bone: blood ratios determined from biodistribution studies.

Compound No. 6 10 14 16 18
Shoulder : Blood 3.5:1 7.8 :1 21 :1 3.5:1 0.8:1
Knee : Blood 56:1 12 :1 26 : 1 6.9 :1 1.3:1

A collection of tetrazine-linked tridentate chelates of varying polarities were
prepared, and the utility of their **"Tc complexes in the IEDDA reaction with a
TCO derivative was assessed in vivo. An effective and reproducible *°™Tc
labeling method was developed for five tetrazine chelates, where the ligand
concentration was 10 M. The labeling step was followed by deprotection of t-
butyl groups (for compounds 6, 10, 14 and 18). The high concentration of ligand
was used to improve the radiochemical yield and reduce reaction times which
minimized degradation of the tetrazine.?®> The product was isolated and separated
from unlabeled ligand and any radiochemical impurities by HPLC, resulting in
radiochemical yields ranging from 31-83%, with all having >99% radiochemical
purity and a high specific activity of ~1.48 MBqg/ug. All compounds were shown to
be stable in PBS containing 0.5% BSA and 0.01% polysorbate-80 for up to 6 h
(Figure 2.3).

Bisphosphonate compounds, like TCO-ALN, localize to regions of active
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bone metabolism or injury, which include knee and shoulder joints in mice. TCO-
ALN therefore provides a simple means to assess the effectiveness of new
radiolabeled tetrazines to deliver isotopes in vivo. Evaluation of the biodistribution
of all five ®™Tc-tetrazines showed uptake in knee and shoulder joints 6 h post
injection, demonstrating successful pretargeting to bone in vivo (Figure 2.4).
Previous studies confirmed that radiolabeled TCO-ALN accumulates at the
bone,?® whereas the **™Tc-tetrazine construct (6) given alone does not (Figure
2.5). This allows one to conclude that bone uptake was due to the IEDDA
reaction.

The more lipophilic constructs 6 and 16 had similar distribution data
including high uptake in the knee (9.1 £ 1.9 and 7.6 + 2.7 %ID/g, respectively)
and the shoulder (4.6 + 1.4 and 4.8 + 1.9 %ID/g, respectively). High radioactivity
concentrations were also seen in the gall bladder, liver and intestines, which is
consistent with the distribution of the lipophilic **™Tc-tetrazine compound 6 in the
absence of TCO-ALN (Figure 2.5). Other non-target tissues and organs such as
the skeletal muscle and spleen did not show any significant uptake (<1%) when
biodistribution studies were performed on the *™Tc-tetrazines in the absence of
the TCO-ALN (Figure 2.5), so these organs were not taken for the pretargeting
experiments. Additionally, biodistribution experiments with the **"Tc-tetrazines
alone revealed good clearance from non-target tissues at 6 h post injection.
Consequently, this time point, which is within one half-life of the isotope, was

selected as the time point for comparing the different radiolabeled tetrazine
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ligands.

The more polar ®™Tc-tetrazine compound 14 bearing a polyethylene glycol
5 (PEG:s) linker showed very high knee and shoulder uptake (16.2 + 4.8 and 20.7
+ 4.9 respectively). There was also lower activity observed in the liver and
intestines. The corresponding PEG 1o derivative also showed binding to the bone
and reduced uptake in the liver compared to compounds 16 and 6. The most
polar derivative 18 showed lower bone binding than all other constructs, which is
likely due to its rapid clearance.

The high bone uptake and bone: blood ratios (Table 2.1) particularly for
compounds 10 and 14 demonstrate that pretargeting and the IEDDA reaction can
be used to localize *™Tc-labeled compounds in vivo. The methods reported here
can be used to evaluate any radiolabeled tetrazine including next generation of
9MT¢(1)-tetrazine ligands. It should be noted that for the class of ligands that were
used in this study, the structures can be readily varied by changing the nature of
the donor groups and linkers between the metal complex and the tetrazine,
without significantly altering the ligand synthesis method.?® Once a lead molecule
is identified, an instant kit labeling method, which will likely include solid phase
purification methods, can be developed to support clinical translation.

The *™Tc(l) complexes reported here create the opportunity to prepare
new **"Tc radiopharmaceuticals using a wide array of different TCO-derived
targeting molecules including antibodies. Antibodies, despite their excellent

targeting properties prior to the creation of technetium labeled tetrazines, would
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not typically be used with **™Tc because of their slow clearance (days), which is
much longer than the half-life of the isotope (~6 h). An additional application is
that the same class of ligands can be prepared with the beta emitting
radionuclides '®Re and '®Re. The isostructural Re(l) analogues of the *™Tc¢(l)
agents when combined with the tumor seeking properties of TCO-ALN can be

used to treat bone metastases.

2.4 Conclusion and Future Work

In conclusion, five different %°™Tc-tetrazines were synthesized,
characterized and evaluated in vivo for pretargeted imaging. Furthermore,
successful pretargeting with TCO-ALN for bone targeting was demonstrated. The
next step involves testing the ability of the lead **"Tc-tetrazines to couple to a

TCO-antibody using a pretargeting strategy.
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Chapter 3: Evaluation of *™Tc-tetrazines for pretargeted
imaging with trans-cyclooctene functionalized

antibodies

3.1 Introduction

Antibodies have been widely studied in the field of radioimaging and
radiotherapy due to their high specificity for disease-specific cellular targets.” In
oncology, there has been a notable increase in the number of clinically approved
antibodies and antibody drug conjugates.? There has been a concomitant
increase in interest in developing antibody-based diagnostics particularly for
patient selection and therapeutic monitoring. As mentioned previously, the long
circulation times of antibodies does not align with the short half-lives of the most
widely used medical isotopes like **"Tc. However, there is the potential to
address this issue through pretargeting and bioorthogonal chemistry.

Pretargeted imaging with several TCO-functionalized antibodies and
radiolabeled tetrazines has been demonstrated in the literature. Rossin and
coworkers were the first to demonstrate successful in vivo pretargeted imaging,
using ""'In and "’Lu labeled tetrazines. These radiolabeled tetrazines were
paired with a TCO-derived CC49 antibody, which targets the tumour-associated
glycoprotein 72 (TAG72), a glycoprotein expressed on the surface of many

cancers such as colorectal, ovarian, and breast.®>™ In this study, tumour uptake in
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LS174T colon carcinoma xenografts reached 5.38 + 0.48 %ID/g at 3 hours post

injection, but what was more impressive was the tumor to background ratios: 196

+

+ 13 (tumour: blood), 31 + 3 (tumour: liver), 3 = 0 (tumour: kidney), 141 = 67

+

(tumour: muscle), and 95 + 86 (tumour: bone) at 3 hours post injection (Figure

3.1).°
Organ 1h 3h 6h 1d 2d 4d 7d
Blood 13+6 196 + 13 206 + 75 307 +90 410+270 446+82 540 +169*
Liver 17 +6 313 30+9 30«8 30+ 18 14+4 81
Kidney 2+1 30 4+1 4+1 7+3 6+2 6+2
Bladder 3=x2 8+4 25 =10 20+7 33+ 16 15+3 7+2

Muscle 3118 141 £67 245+108 257 +75 2290+145 203+100 225+ 152
Bone 23 £ 20* 95 + 86 162 + 46 159 + 69 149 +78 114 + 61 7625

*n=3
Data are mean + SD (n=4)

Figure 3.1 Tumour-to-organ ratios for CC49-TCO-pretargeted '"’Lu-tetrazine in
mice bearing LS174T colon carcinoma xenografts.® This research was originally
published in JNM. Rossin, R. et al. J Nucl Med. 2013; 54(11): 1989-1995. ©

SNMMLI.

Zeglis and coworkers developed several **Cu-labeled tetrazines to be used
with a TCO-huA33 antibody,” which targets the A33 antigen expressed on the

surface of 95% of colorectal cancers.® Biodistribution studies in SW122 human
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colorectal cancer xenografts showed uptake values for a ®*Cu-SarAr-tetrazine

reaching as high as 7.38 = 2.02 %ID/g at 24 hours post injection (Figure 3.2).°
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Figure 3.2 Pretargeted PET imaging using ®*Cu-Tz-SarAr with 48 h (A) and 120 h
(B) accumulation intervals. The coronal slices (left) intersect the center of the

tumour (white arrow). Maximum intensity projections (MIP) collected at 24 h post-
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injection are also displayed (right); (C) Activity concentration in the tumour as a
function of both time post-injection and accumulation interval for pretargeting with
®4Cu-Tz-SarAr; (D) Activity concentration in the blood as a function of both time
post injection and accumulation interval pretargeting with ®*Cu-Tz-SarAr; (E)
Tumour-to-blood activity concentration ratios as a function of both time post
injection and accumulation interval pretargeting with ®*Cu-Tz-SarAr; (F) Tumour-
to-muscle activity concentration ratios as a function of both time post injection and
accumulation interval pretargeting with ®*Cu-Tz-SarAr. Reprinted (adapted) with
permission from Zeglis, B.M et al. Mol. Pharm. 2015, 12(10), 3575-3587.

Copyright 2019 American Chemical Society.

In addition to the results from '"'In and ®‘Cu labeled tetrazines, several
other radiolabeled tetrazines have been reported with some of the most widely
used isotopes. Lewis and coworkers developed several '®F-labeled tetrazines for
pretargeted PET imaging with a variety of TCO-functionalized antibodies.’®'" Of
these studies, pretargeted imaging was successful with an '®F-tetrazine and a
TCO-hu5b1 antibody, which targets carbohydrate antigen 19.9 (CA19.9)
overexpressed in pancreatic ductal adenocarcinomas.'®'® Biodistribution studies
resulted in tumour uptake as high as 5.6 + 0.85 %ID/g at 4 hours post injection in
BxPC3 pancreatic cancer xenografts, with tumour: blood ratios >3.

Aboagye and coworkers developed a °®Ga-labeled tetrazine to be used

with a TCO-Cetuximab derivative to target epidermal growth factor receptors
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(EGFR) expressed on the surface of many cancers.' Pretargeted PET imaging in
A431 xenografts revealed modest tumour uptake values of ~2 %ID/g at 1 hour
post injection, however off target uptake remained prevalent, with many tumour:
non-tumour ratios being <1.

Garcia and coworkers reported the first *™Tc-labeled tetrazine, where
pretargeting studies were performed with a previously mentioned TCO-CC49
antibody."® Biodistribution studies in LS174T xenografts showed uptake values of
the ®™Tc-tetrazine reaching 1.39 = 0.42 %ID/g at 2 hours post injection. However,
off-target uptake was still observed, with tumour: blood ratios <1, supporting the
need for further improvement.

With the demonstration of successful pretargeting between several TCO-
antibodies and radiolabeled tetrazines in literature, and the lack of effective **"Tc-
labeled tetrazines, it was of interest to test the pretargeting ability of the **™Tc-
tetrazines reported in chapter 2 with a TCO-functionalized antibody. Specifically,
in vitro tests were completed using a TCO-functionalized antiVEGFR2 antibody,
while in vivo studies were performed using the aforementioned TCO-

functionalized huA33 antibody in conjunction with compounds 6 and 10.”
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3.2 Materials and Methods

3.2.1 General materials and instruments

All reagents were purchased from Sigma Aldrich unless otherwise stated.
(E)-Cyclooct-4-enyl-2,5-dioxopyrrolidin-1-yl carbonate (TCO-NHS) and 4-(1,2,4,5-
tetrazin-3-yl)phenyl)methanamine hydrochloride was purchased from Conju-
Probe (San Diego, CA). All cell media, and antiVEGFR2 antibody were purchased
from ThermoFisher scientific. Sodium pertechnetate was provided by Mallinckrodt
Pharmaceuticals from an Ultra-Technekow generator.

A MALDI-TOF MS analysis was performed on a MALDI Bruker
UltrafleXtreme Spectrometer. Radio TLC imaging was performed on a BIOSCAN
AR-2000 radio-TLC imaging scanner. High performance liquid chromatography
(HPLC) of radioactive compounds were performed on a Waters 1525 Binary
(Midford, MA, USA) monitored simultaneously with 2998 photodiode array
detector at 220/254 nm and in line radioactivity Bioscan gamma detector with Nal
(T1) scintillator using the Empower software package. Analytical HPLC of all other
compounds were performed on a Varian Prostar 230 monitored simultaneously
with a Prostar 335 PDA detector. HPLC method: Phenomenex C-18 analytical
column (250 mm x 4.6 mm x 5 um) operating at a flow rate of 1.0 mL/min
(analytical) was used. The following solvent gradient was employed (Method 1):
(solvent A = H,O + 0.1% TFA, solvent B = ACN + 0.1% TFA): 0-2 min 20% B, 2-

19 min 20-80% B, 19-21 min 100% B, 21-27 min 20% B. Preclinical imaging
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system SPECT-CT experiments were conducted on an X-SPECT (Gamma

Medica, Northridge, CA).

3.2.2 Animal models and biodistribution studies

Animal studies were either approved by the Animal Research Ethics Board
at McMaster University in accordance with Canadian Council on Animal Care
(CCAC) guidelines, or performed under an Institutional Animal Care and Use
Committee-approved protocol, and the experiments followed institutional
guidelines for the proper and humane use of animals in research (Memorial Sloan
Kettering Cancer Center, New York, NY, USA). Biodistribution studies were
performed using either female BALB/c mice or Athymic nude female mice
(Charles River Laboratories, Kingston, NY) at the indicated time points. For
Athymic nude mice, SW1222 tumors were induced on the right shoulder by
subcutaneous injection of 5.0 x 10° cells in a 200 pL cell suspension at

approximately nine weeks of age.

3.2.3 Preparation of TCO-modified antiVEGFR2 antibody (TCO-
antiVEGFR2)

The preparation of TCO-modified antiVEGFR2 antibody was adapted from
a literature procedure reported by Zlitni et al.'® The pH of the solution containing
anti-VEGFR2 (eBioscience, 14-5821) (1 mL, 500 ug, 3.34 nmol) was adjusted to
9-9.5 by adding 5 pL of 1 M NaxCOgs(aq). In the dark, a solution of TCO-NHS

(35.6 pg, 133.6 nmol) in DMSO (18 L) was prepared and added to antiVEGFR2.
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The mixture was left on a shaker overnight at 4 °C. The conjugated antibody was
purified from excess TCO-NHS using an Amicon Ultra-0.5 Centrifugal filter

(30,000 Da) and washing with PBS three times.

3.2.4 Labeling of TCO-antiVEGFR2 with 6

Compound 6 (25 pL, 2.2 MBq) was incubated with TCO-antiVEGFR2 in the
dark. 1 pL of the mixture (~37 kBq) was spotted on iTLC (VARIAN, SGI0001)
glass microfiber chromatography paper impregnated with silica gel and the elution
step run using a mixture of 75:25 v/v MeOH: 0.1 M HCI. As a reference standard,
a mixture of 6 (25 uL, 60 pCi) with PBS (25 pL) was also prepared and a sample
was run on iTLC under the same conditions. Both iTLCs were then scanned on a

BIOSCAN AR-2000 radio-TLC imaging scanner.

3.2.5 Flow Chamber Cell Adhesion Assay

The chamber cell adhesion assay was performed following a modified
method published by Zlitni et al.’® One day prior to assay, 16x10° of VEGFR2-
expressing cells (H520) were plated. The binding of 6 (0.296 MBq) to the H520
cells was assessed under flow conditions (0.164 mL/min) with and without pre-
incubation with TCO-antiVEGFR2 (10 pg). Furthermore, the binding of 6 to H520
cells treated with TCO-antiVEGFR2 (30 pg) for 30 min before the assay was also
assessed. To decrease any non-specific binding, the mounted parallel-plate flow
chamber (Glycotech, Rockville, Md.) was inverted. A syringe pump (PhD 2000,

Harvard Apparatus, Holliston, USA) was used to first wash the cells with PBS (1
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mL), followed by 6 (0.296 MBg/mL), and finally washed with PBS (1 mL). After the
assay, cells were lysed using a 1% Triton-X100 (1 mL) solution at 37 °C for 30
min. From each cell lysate, two samples were taken; one to measure the amount
of activity using a dose calibrator while the other to assess its protein levels using
a Pierce BCA Protein assay kit (Thermo Scientific, 23225). The counts per minute
(CPM) normalized by the amount of protein (ug) was plotted for both the

untreated cells, and cells treated with TCO-antiVEGFR2.

3.2.6 Preparation of TCO-modified huA33 antibody (TCO-huA33)

The TCO modified huA33 antibody was prepared according to literature.”
The pH of the solution containing huA33 antibody (210 uL, 2 mg, 13.3 ymol) was
adjusted to 9 by adding 30 uL of 0.1 M NaxCOgs(5q). A solution of (E)-cyclooct-4-
enyl-2,5-dioxopyrrolidin-1-yl carbonate (TCO-NHS, 50 ug, 0.33 nmol) in DMSO (2
uL) was prepared and added to huA33 antibody. The mixture was placed on a
shaker at room temperature for one hr. The conjugated antibody was purified
from excess TCO-NHS using an Amicon-Ultra Centrifugal filter with a 50,000 kDa
cut off, followed by washing with 25 mL of PBS. The purified conjugated antibody

was concentrated in 1mL from the centrifugal filter. Analysis using

spectrophotometry at 280 nm showed a concentration of 1.71 mg/mL.
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3.2.7 Labeling of TCO-huA33 with 6

Compound 6 (100 pL, 11.1 MBq) was incubated with TCO-huA33 (11 uL, 100
pg) in the dark. 1 pyL of the mixture (~111 kBq) was spotted on iTLC C-18 silica
TLC plates, with an eluent of 1:1 (H2O + 0.1% TFA : ACN + 0.1% TFA). As a
reference standard, a mixture of 6 (1 yL, ~111 kBqg) with PBS was also prepared
and a sample was run on iTLC under the same conditions. Both iTLCs were then

scanned on a BIOSCAN AR-2000.

3.2.8 Pretargeted SPECT Imaging Studies

Mice bearing subcutaneous SW1222 xenografts (100-150 mm; 18-21 days
post inoculation) in the shoulder were administered TCO-huA33 (100 mg in 200
uL of 0.9% sterile saline) via tail vein injection. After 24 hours, mice were
administered a solution of 6 (37 MBq in 200 uL of PBS + 1% BSA), or 5 (0.66 nM)
and 6 (37 MBq in 200 uL of PBS + 1% BSA), 10 (37 MBq in 200 uL of PBS + 1%
BSA), or 9 (0.66 nM) and 10 (37 MBqg in 200 uL of PBS + 1% BSA).
Approximately 5 min before SPECT imaging, mice were anesthetized by
inhalation of 2% isoflurane (Baxter healthcare): oxygen gas mixture and placed
on the scanner bed. Anesthesia was maintained during the scans using 2%
isoflurane: oxygen gas mixture. SPECT-CT data was collected at 1, 4 and 6 hours

post injection the radiotracer.
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3.2.9 Biodistribution Studies

Animals (n = 4) were euthanized 6 hr post injection after SPECT-CT
imaging was complete by COx(g) asphyxiation. After exsanguination, tissues,
organs and fluids (including tumor) were removed, washed with water where
relevant, dried, weighed, and counted in a gamma counter calibrated for *™Tc.
Gamma counts were repeated 12 hours post-organ excision. Counts were

converted to activity using a calibration curve produced from known standards.

3.2.10 Blood clearance studies

A solution of 6 (37 MBq) in 100 yL PBS + 0.5% BSA + 0.01% tween 80
was injected intravenously in healthy CD1 mice. At 0.5, 5, 15, 25, 30, 60 and 120
min post injection, anaesthetized mice were sacrificed (n=2) and blood drawn by
cardiac puncture, followed by cervical dislocation. Blood samples were
heparinized and split into two fractions. The first fraction was placed into pre-
weighed gamma tubes to be counted on the gamma counter to determine %ID/g
in the blood at each time point. The second fraction of blood was centrifuged at
10,000 rpm for 10 min to remove leukocytes and erythrocytes. Plasma
supernatant was removed after centrifugation and transferred to a separate
eppendorf tube. Radioactivity measurements were taken of the plasma and the
erythrocyte/leukocyte layer. Next, 250 pyL of ice cold ACN was added to the
plasma, vortexed briefly, and centrifuged for another 10 min at 10,000 rpm. The

plasma layer was removed from the resulting protein pellet, and radioactivity
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measurements were taken. Centrifuging and separation from any remaining
protein pellet was repeated. Finally, the purified plasma was then spotted onto
iTLC plates and run with an eluent of 1:1 H,O + 0.1% TFA and ACN + 0.1% TFA.
The remaining portions of the purified plasma were incubated with excess TCO-
antiVEGFR2 (40x excess) at 37 °C for 10 min. The mixture was then spotted on

iTLC and run using the same eluent.

3.3 Results and Discussion

3.3.1 Preparation and labeling of TCO-antiVEGFR2 antibody with 6

Prior to in vivo studies, the ability of the **"Tc-tetrazines to bind TCO-
antibody conjugates was tested in vitro using a well-established antibody and
assay system. The synthesis of the TCO-antiVEGFR2 antibody was adapted from
a literature procedure.'® TCO-NHS was added to a solution of anti-VEGFR2 at a
pH of 9-9.5 and shaken overnight at 4 °C. The TCO-antiVEGFR2 antibody was
purified using a centrifugal filter (30 kDa) and washing with PBS. The purified
antibody was characterized using MALDI-TOF MS analysis. Comparing the
results of the MALDI-TOF MS analysis for the TCO-antiVEGFR2 and non-
conjugated antiVEGFR2, it was determined that the TCO-antiVEGFR2 had an

average of 4.3 TCO groups per antibody (Figure 3.3).
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Figure 3.3 MALDI-TOF analysis of antiVEGFR2 (left) and TCO-antiVEGFR2

(right) showing an average of 4.3 TCO groups per antibody.

Once the TCO-antiVEGFR2 antibody was prepared and characterized, the
next step was to evaluate the coupling reaction with a **™Tc-abeled tetrazine. To
this end, compound 6 was incubated with TCO-antiVEGFR2 in the dark at room
temperature for 30 minutes. To monitor reaction progression, an aliquot of the
reaction mixture was spotted on an iTLC glass microfiber chromatography paper
using an eluent consisting of a mixture of 75:25 v/v MeOH: 0.1 M HCI (Figure
3.4). In parallel, an iTLC of compound 6 alone was run as a reference standard.
Results from the reference standard showed that compound 6 eluted
approximately 50 mm from the baseline (note baseline is set at 50 mm) (Figure
3.4, left) where in the reaction mixture, almost all the radioactivity remained on the
baseline, which is consistent with successful ligation of 6 to the TCO-antiVEGFR2

antibody (Figure 3.4, right).
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Figure 3.4 Radio-iTLCs of 6 (left) and 6 following the addition of TCO-

antiVEGFR2 (right). Note: baseline is set at 50 mm.

3.3.2 Flow Chamber Cell Adhesion Assay

Next, the ability of 6 to couple with TCO-antiVEGFR2 bound to cells under
conditions designed to mimic the dynamic flow found in tumour capillaries was
evaluated.”® A flow chamber cell adhesion assay was performed following a
procedure developed by Zlitni et al, where the binding of 6 to TCO-antiVEGFR2
was assessed at the shear flow rate of 0.164 mL/min."® First, H520 cells
(VEGFR2+) grown in a tissue culture dish were fitted onto the flow chamber
apparatus. Cells were then incubated with TCO-antiVEGFR2 for 30 minutes,
followed by a wash step to remove any unbound antibody. Next, the cells were
inverted before performing the assay to reduce any non-specific binding. A
solution of 6 in PBS (296 kBg/mL) was then “flowed over” the cells, followed by a

second wash with PBS. As a negative control, the experiment was repeated,
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where 6 was passed over cells that were not pre-incubated with TCO-
antiVEGFR2. After the assay, cells were lysed and radioactivity measurements
were taken of the lysates. Protein concentrations of the cells were also
determined using a BCA protein assay kit. After normalizing the counts per
minute (CPM) by amount of protein, it was found that the binding of 6 was 12
times higher in cells pretreated with TCO-antiVEGFR2, than cells alone (Figure
3.5). This confirmed that under dynamic flow conditions similar to that found in
vivo, the reaction between TCO-antiVEGFR2 and a radiolabeled tetrazine is rapid

enough to see appreciable binding.

CPM/ug of protein

Figure 3.5 A graphical representation showing the amount of 6 binding to H520
cells when (a) H520 cells pre-treated with TCO-antiVEGFR2 for 30 min before
introducing 6 and (b) untreated cells. The binding of 6 was 12 times higher in
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TCO-tagged cells (a) compared to untreated cells (b) (P <0.001). Data is
expressed as counts per minute (CPM) per ug of protein found in each sample

(n=5). *Statistical analysis was done using a one-way ANOVA relative to (b).

3.3.3 Preparation and labeling of TCO-huA33 antibody with 10

With in vitro studies showing promise, translation toward in vivo studies
was carried out. While TCO-antiVEGFR2 had proven to be an effective tool for in
vitro screening, it had not been used in vivo previously with radiolabeled
tetrazines. Therefore, a collaboration with the Zeglis group at Hunter College- was
initiated to utilize a humanized TCO-huA33 antibody. The huA33 antibody binds
the A33 antigen, a transmembrane glycoprotein that is overexpressed in 95% of
colorectal cancers.’® When bound, the huA33 antibody has little to no
internalization into cells, making it an optimal targeting vector for pretargeting
studies.®® The Zeglis and Lewis groups have demonstrated successful
pretargeting using the TCO-huA33 antibody and several radiolabeled tetrazines,
making it a promising targeting vector for pretargeting studies with our *™Tc-
tetrazines.>'’

The synthesis of the TCO-huA33 was performed following a literature
procedure.'”” TCO-NHS was added to a solution of huA33 antibody at a pH of 9.0.

The solution was incubated at room temperature for 30 minutes with gentle
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shaking. The resulting TCO-huA33 was purified using a centrifugal filter (50 kDa)
and washed with PBS.

To verify the reactivity of the TCO group, compound 10 was incubated with
the purified TCO-huA33 for 10 minutes in the dark with gentle shaking. The
mixture was then spotted on an iTLC plate and run in an eluent of 1:1 v/v H.O
and ACN containing 0.1% TFA. As a reference standard, 10 in PBS + 0.5% BSA
+ 0.01% tween 80 was prepared, spotted and run under the same conditions. As
shown in Figure 3.6 below, the reference standard moved approximately 30 mm
off the baseline (marked in red), whereas the mixture of 10 with TCO-huA33
remained on the baseline. This shift in retention time is consistent with a reaction

between the *™Tc-tetrazine (10) and TCO-huA33.
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Figure 3.6 iTLC analysis of 10 (left) and 10 after incubation with TCO-huA33

(right).
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3.3.4 Pretargeted imaging and biodistribution of 6

With the successful coupling of 10 and TCO-huA33, in vivo experiments
were initiated in tumour bearing mice. SW122 tumour bearing mice were
administered TCO-huA33 antibody 24 hours prior to the imaging study. It has
been shown in literature that for pretargeting studies, administering a compound
with lower effective specific activity has increased the uptake in the tumour.?' For
this reason, a mixture of 5 and 6 was administered at a concentration of 0.75 mM
per mouse, and SPECT/CT images were taken at 1, 4 and 6 hours post injection
(Figure 3.7). After the 6 hour imaging time point, mice were sacrificed and organs
excised, weighed, and radioactivity levels counted. Biodistribution data plotted as

percent injected dose per gram (%ID/g) is displayed in Figure 3.8 below.

UNK kBg
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Figure 3.7 SPECT-CT images of pretargeting approach at 1,4 and 6 hours (left to
right) post-injection with 6 containing the Re complex 5. White arrows indicate

location of the tumor on the right shoulder.

1001
754

504
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Figure 3.8 Biodistribution data for pretargeting studies with TCO-huA33 and
compounds 5 and 6. Compounds 5 and 6 were co-administered (approximately
37 MBq of 6, 0.75 mM of 5) to athymic nude mice (n=4 per compound) 24 hours
after the injection of TCO-huA33. Mice were sacrificed 6 hours post injection of 5

and 6. Data is expressed as the mean injected dose per gram (%ID/g) + SEM.
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Based on the SPECT-CT images and quantitative biodistribution data,
tumour uptake was low (1.05 + 0.28 %ID/g), with tumour: blood ratios <1. High
concentrations of radioactivity were observed in the gall bladder (62.6 + 20.1
%ID/g), liver (22.5 = 1.55 %ID/g), and large intestine (20.9 + 5.48 %ID/q),
suggesting that the compound is cleared through the gastrointestinal (Gl) tract.
Relatively high uptake was also seen in the kidneys (6.14 + 0.14 %ID/qg),

suggesting partial clearance through the renal pathway.

3.3.5 Pretargeted imaging and biodistribution of 10

Given the initial results with compound 6, the more polar tetrazine 10 was
evaluated. Proceeding with in vivo studies, both high and low effective specific
activities of 10 were examined, to assess the ability of a non-radioactive carrier to
help increase tumour uptake. SW122 tumour bearing mice were administered
TCO-huA33 24 hours prior to the imaging studies. The day of the imaging study,
compound 10 was administered without any of the corresponding Re-complex via
tail vein injection (n=4). In a parallel study, compound 10 in the presence of 9
(0.75 mM) was administered via tail vein injection, mimicking the low effective
specific activity imaging experiments conducted in section 3.3.4. SPECT-CT
images were taken at 1, 4 and 6 hours for both studies (Figure 3.9 and 3.10).

After the 6 hour imaging time point, mice were sacrificed and organs excised. The
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organs were weighed, and radioactivity levels counted. Biodistribution data

plotted %ID/g for both studies are displayed in Figure 3.11 below.

UNK  kBq

UNK  kBq
0404

Figure 3.9 SPECT-CT images of pretargeting approach at 1, 4, and 6 hours (left
to right) post-injection of 10. White arrows indicate location of tumor on the left

shoulder.
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Figure 3.10 SPECT-CT images of pretargeting approach at 1, 4, and 6 hours (left
to right) post-injection with 10 containing the Re complex 9. White arrows indicate

location of tumor on the left shoulder.

B High SA
Low SA

Organ/Tissue

Figure 3.11 Biodistribution of pretargeting studies with TCO-huA33 and
compound 10 (dark grey bars), or 9 + 10 (light grey bars). Compound 10 was
administered (approximately 37 MBq) to Athymic nude mice (n=4 per compound)
24 hours post injection of TCO-huA33. Mice were sacrificed 6 hours post injection

of 10. Data is expressed as the mean injected dose per gram (%ID/g) + SEM.

Results shown in figure 3.9 indicate that the clearance of 10 is greater than
that of 6 at 6 hours; confirming that the addition of a PEGi, spacer did help
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reduce non-specific uptake. For instance, uptake was significantly reduced in the
gall bladder (7.72 + 6.50 versus 62.6 + 20.1 %ID/qg), liver (0.87 + 0.06 versus 22.5
+ 1.55 %ID/g), large intestine (10.0 + 0.58 versus 20.9 = 5.48 %ID/g) and kidneys
(0.78 + 0.08 versus 6.14 = 0.14 %ID/g). Although compound 10 demonstrated an
improved clearance profile from 6, the issue of inadequate tumour uptake
persisted. In both of the high and low specific activity studies with compound 10,
little difference was seen in all organs, with minimal uptake in the tumour (~1%),

with tumour: blood ratios <1.

3.3.6 Cysteine and histidine stability studies

Prior to having the data with TCO-ALN, one potential concern was that the
99MTc-tetrazine compounds were degrading in the presence of blood proteins. As
a preliminary test, compound 6 was incubated with 2 mM of cysteine in PBS at 37
°C for 1, 3 and 6 hours. This amount exceeds the concentration of cysteine in the
blood, which is between 89-107 uM?. It was found that there was no interaction
between compound 6 and cysteine over 6 hours (Figure 3.12). Similarly, a
stability test was run with 100 mM of histidine at 37 °C for 1, 3 and 6 hours. It was

found that compound 6 was also stable in the presence of histidine (Figure 3.13).
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Figure 3.12 Gamma HPLC traces of 6 upon incubation at 37 °C with 2 mM L-

cysteine for 1, 3 and 6 h (Method 1, 1 mL/min).
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Figure 3.13 Gamma HPLC traces of 6 upon incubation at 37 °C with 100 mM

histidine for 1, 3 and 6 h (Method 1, 1 mL/min).

3.3.7 Blood clearance studies

One possible explanation for low tumor uptake was that the *°™Tc-
tetrazines were clearing from the blood too quickly. If this were the case, the
%MTc-tetrazines would not have sufficient time to react with the tumour-bound
TCO-huA33. A second explanation was that the **™Tc-tetrazines were interacting

with carrier proteins hindering the reactivity of the tetrazine moiety.
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To test these hypotheses, an experiment was conducted where 10 was
injected intravenously, and blood draws performed at various time points. Once
the blood was drawn, a portion of the blood was used to calculate the
concentration of radioactivity reported as the %ID/g. The concentrations in the
blood were then plotted as a function of time to determine the blood residence
half-life of 10 (Figure 3.15). The remaining blood from the different time points
was used to determine the reactivity of the tetrazine (Figure 3.14).

To determine tetrazine reactivity, blood samples were centrifuged to
remove erythrocytes, leukocytes and thrombocytes. Radioactivity measurements
confirmed that 10 does not interact with any of these blood components. Next,
plasma proteins were precipitated by addition of ice-cold acetonitrile, followed by
centrifugation. Again, it was determined from radioactivity measurements that 10
did not interact with these proteins. Finally, a portion of the blood plasma
containing 10 was incubated with TCO-antiVEGFR2 for 10 minutes at 37 °C. Both
the TCO-free plasma fraction and the mixture of plasma and TCO-antiVEGFR2
were spotted on iTLC plates and run with an eluent of 1:1 (H.O:ACN) + 0.1%
TFA. As a reference standard, 10 in PBS + 0.5% BSA + 0.01% tween 80 was
prepared, spotted and run under the same conditions.

The TLC data suggests that 10 is likely still intact in the blood, as it moves
the same distance off the baseline as the reference standard (Figure 3.14C).
However, the mixture of 10 with TCO-antiVEGFR2 revealed that after circulation

for 15 min in the blood, 10 did not react with the TCO-antiVEGFR2 (Figure
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3.14D). This suggests that the tetrazine may be decomposing or interacting with
something in the blood, preventing the reaction with the TCO-antibody from
proceeding. However, it is hard to draw a firm conclusion from this data, as the
radioactivity concentrations were extremely low in the blood, resulting in poor
iTLC chromatograms with high background signal. The degradation of the
tetrazine ligand as a reason for poor tumor localization was ultimately ruled out

based on the successful data obtained with TCO-ALN.
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Figure 3.14 iTLC of 10 in an eluent of 1:1 v/v (H20: ACN) + 0.1% TFA. A) Control
of 10 in PBS + 0.5% BSA + 0.01% polysorbate-80. B) Control of 10 in PBS +
0.5% BSA + 0.01% polysorbate-80 incubated with excess TCO-antiVEGFR2 for

10 minutes at 37 °C. C) Compound 10 isolated from blood taken at 15 minutes
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post-injection. D) The sample from C incubated with excess TCO-antiVEGFR2

for 10 minutes at 37 °C.

After plotting the %ID/g data from the blood draws, it was determined that
the blood residence half-life of 10 was between 1.34 and 2.11 minutes (Figure
3.13). This clearance time is extremely fast, far quicker than other radiolabeled
tetrazines in literature.?®** Such rapid clearance from the blood was likely a key

contributor to the low tumour binding seen when using the TCO-huA33 antibody.
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Figure 3.15 Plot of %ID/g of 10 at 15, 25, 30, 60, and 120 minutes post-injection.
The inset shows the time where activity levels in the blood reach 50 %ID/g,
indicated by an arrow. Curve fitting according to a two-phase decay performed

with GraphPad Prism.

3.3.8 Comparing pretargeting with TCO-huA33 antibody and TCO-ALN

In previous studies, in vivo pretargeting of 6 and 10 was demonstrated
using TCO-ALN. Both compounds showed significant uptake in the knees (7.64 =
2.72 and 10.2 = 1.28 %ID/g, respectively) and shoulder (4.77 + 1.88 and 6.66 +
0.96 %ID/g, respectively), at 1 hour post injection with bone: blood ratios of 4.5
and 10. When considering pretargeting with TCO-ALN, and the successful
reactivity of 6 and 10 with TCO-antibodies in vitro, the question arises as to why
in vivo pretargeting with the TCO-huA33 antibody was unsuccessful.

The reasons for the poor tumor localization is likely two-fold. The first factor
is the short blood half-life of compound 10, which was determined to be 1.35 to
2.11 minutes. This clearance is much more rapid than other radiolabeled
tetrazines in literature that have demonstrated successful pretargeting with TCO-
antibodies.?*?* This rapid clearance leads to a lower concentration of the tetrazine
in the blood, and a slower overall reaction rate. Secondly, since TCO-ALN is a
small molecule, a higher amount can be administered (75 pymol), resulting in a

higher concentration of TCO at the site of interest. Since TCO-huA33 is a protein
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(MW = 150 kDa), a much lower amount was injected (0.66 nmol). With the
reaction between tetrazine and TCO believed to be second order, the low levels
of the two reaction components creates a situation where the kinetics of the
coupling reaction are not sufficient to get appreciable concentrations of both

reactants at the site of interest.

3.5 Conclusion and Future Work

In vitro reactivity of 6 and 10 with two different TCO-antibodies were
demonstrated. However, in vivo translation proved troublesome, with tumour
uptake values of approximately 1 %ID/g and tumour: blood ratios <1 observed for
both ®™Tc-tetrazines. Stability studies with cysteine and histidine verified that 6
was not being degraded at physiological concentrations of either compound.
Blood clearance studies determined the blood clearance half-life of 10 to be rapid
and less than 3 minutes. Since previous in vivo pretargeting experiments with
TCO-ALN and compound 6 and 10 were successful, the unsuccessful in vivo
pretargeting with a TCO-huA33 antibody was likely due to a combination of rapid
blood clearance of the **™Tc-tetrazine, and the low concentration of TCO-antibody
injected (0.66 nmol), resulting in both substrates being present in sub-critical
concentrations at the tumour site. This is in contrast to the TCO-ALN small
molecule, which was administered at a much higher concentration (75 pymol).

Moving forward, two separate approaches were taken to increase the
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bioavailability of the **™Tc-tetrazines; first through understanding the mechanism
behind the rapid blood clearance (Chapter 4), and second through the

modification of the tetrazine ligand (Chapter 5).
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Chapter 4: Towards the optimization of the
pharmacokinetics of *™Tc(l) labeled tetrazines.

Investigation of the mechanism of clearance

4.1 Introduction

When developing a diagnostic or therapeutic radiopharmaceutical,
optimizing pharmacokinetics and pharmacodynamics is crucial to minimize off-
target uptake and obtain high target to non-target ratios. The traditional approach
used to optimize the biodistribution of targeted imaging probes derived from
radiometals typically has involved extensive synthetic modification of the chelate
and linker. Changes in donor groups and linkers is often employed as a means of
reducing off-target uptake and increasing target to non-target ratios.'” An
alternative strategy, which has been used less frequently, is to study the specific
clearance pathway and use the information to guide compound optimization.

With radiopharmaceuticals and pharmaceuticals alike, exogenous
compounds are excreted through several different clearance pathways. Drug
excretion occurs primarily through the kidneys, where other routes of clearance
can include the liver and bile, saliva, lungs, and breast milk.® Within these
clearance pathways, there are many different cellular transporters located in

organs and tissues that are responsible for the export of drugs from the body.?*

71



Ph.D. Thesis — H. Bilton; McMaster University — Chemistry and Chemical Biology

For the tetrazine-derived chelates described in chapter 2, the rapid
decrease in blood concentration and significant uptake into the gallbladder
warranted investigation into the mechanism(s) of clearance. If it were possible to
identify the transporters responsible for the observed clearance, it may become
possible to prepare a ™ Tc-tetrazine derivative with superior pharmacokinetics.

The high gallbladder uptake observed with 14 was believed to be
associated with the excretion into the bile, which is preceded by clearance
through the liver. Bile is formed in the liver, in the canaliculus between
hepatocytes. The bile then drains to the bile ductules, and is then collected in the
common hepatic bile duct. From here, the bile is then stored in the gall bladder,
and is excreted after a meal to aid in the intestinal digestions of lipids and
vitamins. %713

Along with aiding in digestion, bile is also used to clear xenobiotics from
the body such as steroids, antibiotics, and lipid lowering medications. In regards
to xenobiotic excretion into bile, there are several transporters within liver
hepatocytes that are responsible for driving clearance (Figure 4.1 and 4.2), such
as organic anion transporting polypeptides (OATP), organic cation transporters
(OCT), organic anion transporters (OAT), multidrug resistance-associated
proteins (MRP), breast cancer resistance proteins (BCRP), and p-glycoproteins
(P-gp).14 Of these transporters, several are known to transport a wide variety of

neutral, cationic, and anionic compounds with varying lipophilicities and molecular
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weights, such as Atorvastatin (Lipitor),’® Cimetidine (Tagamet),’* and Cidofovir

(Vistide).®

Hepatocytes A1) OATPIBI OATP2BI
OCTI OAT7 | OATPIB3

Blood

MRP3
BSEP
P e

a %Bv'?g N

MRP2 MATEI

Figure 4.1 Human hepatocyte transporters. Transporters on the sinusoidal
membrane include sodium/ taurocholate co-transporting peptide (NTCP); three
members of the OATP family (OATP1B1, OATP1B3 and OATP2B1); two
members of the organic anion transporter family (OAT2 and OAT7); and OCT1.
Efflux pumps in the hepatocyte basolateral membrane include MRP3, MRP4 and
MRP6. Apical efflux pumps of the hepatocyte comprise P-gp; bile-salt export
pump (BSEP); BCRP and MRP2. In addition, multidrug and toxin extrusion protein

1 (MATE1) is located in the apical hepatocyte membrane.'* Reprinted with
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permission from Nature: Giacomini, K. M. et al. Nat. Rev. Drug Discov. 2010, 9,

215-236. Copyright 2010.

Compounds excreted through the hepatobiliary pathway can either act as a
substrate or inhibitor of transporters within hepatocytes. It has been shown that
many approved pharmaceuticals are inhibitors of such transporters.’*'®'” The
inhibition of transporters within hepatocytes can elicit changes in the clearance of
a drug, and thus change drug efficacy.’® Recently, this approach has been
exploited to increase the efficacy of certain chemotherapeutic drugs, by
increasing drug bioavailability and making them more permeable to cancer
cells.’®

In addition to studying clearance pathways, it is also of great interest to
investigate the effect of other key pathways in the liver, and their effect on the
clearance of xenobiotics. Of particular interest was the mevalonate pathway,
which provides cells with essential biomolecules such as cholesterol, lipoproteins,
and steroid hormones (Figure 4.2).2%?' The mevalonate pathway also plays a
crucial role in the production of bile, which as mentioned previously, is one of the
major routes of clearance for xenobiotics and potentially compounds 6, 10 and 14

(see chapter 2 for structures).
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Figure 4.2 Inhibition of Mevalonate pathway by Bisphosphonates and Statins.

Similar to transport proteins, there are several clinically approved drugs
that are known inhibitors of the mevalonate pathway. Statins are a class of drugs
commonly prescribed to reduce blood cholesterol levels. Statins work by inhibiting
HMG CoA reductase, preventing the production of mevalonic acid and
subsequently the production of cholesterol (Figure 4.2).2' Another well known
class of inhibitors for the mevalonate pathway are nitrogen-containing
bisphosphonates.?’?*?* Bisphosphonates are commonly used to treat bone

diseases, as they are potent inhibitors of osteoclasts that are involved in bone
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absorption."** It is noteworthy that nitrogen-containing bisphosphonates are also
inhibitors of farnesylpyrophosphate synthase in the mevalonate pathway,
preventing the formation of farnesylpyrophosphate, and other downstream
products of the such as cholesterol and bile acids.?*#’

With the ability to inhibit several key hepatobiliary transporters and
complementary pathways with clinically approved drugs, it was of interest to study
these pathways to better understand the clearance of the *°™Tc-tetrazines
developed in chapter 2. The knowledge obtained from these studies can be used
to rationally engineer modifications to the chelate, thus improving
pharmacokinetics. Herein we describe the effect of several different hepatobiliary
transport inhibitors on the distribution of compound 14. This particular *™Tc-
tetazine was selected due to its improved clearance profile from non-target
tissues compared to compounds 6 and 10. Additionally, the high target to non-
target ratios when used in pretargeting studies with TCO-ALN makes compound

14 a promising starting point for the development of an optimized **™Tc-tetrazine

(Figure 4.3).

4.2 Materials and Methods

4.2.1 General materials and instruments
Alendronate, Zoledronate, Indomethacin, Indocyanine green, and Taurine

were purchased from Sigma Aldrich. Elacridar, Cyclosporin A, and Pantoprazole
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were purchased from Cayman Chemical. Rifampicin and Montelukast were
provided by the Central Animal Facility (CAF) at McMaster University. FITC-
tagged P-glycoprotein mouse anti-human antibody (clone 17F9) was purchased
from BD Biosciences. All cell media was purchased from ThermoFisher scientific.
Sodium pertechnetate was provided by Mallinckrodt Pharmaceuticals from an
Ultra-Technekow generator. **™Tc-Sestamibi was provided by Isologic Innovative
Radiopharmaceuticals.

High performance liquid chromatography (HPLC) of radioactive
compounds were performed on a Waters 1525 Binary (Midford, MA, USA)
monitored simultaneously with 2998 photodiode array detector at 220/254 nm and
in line radioactivity Bioscan gamma detector with Nal (T1) scintillator using the
Empower software package. Analytical HPLC of all other compounds were
performed on a Varian Prostar 230 monitored simultaneously with a Prostar 335
PDA detector. HPLC method: Phenomenex C-18 analytical column (250 mm x
4.6 mm x 5 um) operating at a flow rate of 1.0 mL/min (analytical) was used. The
following solvent gradient was employed: (solvent A = H,O + 0.1% TFA, solvent B
= ACN + 0.1% TFA): 0-2 min 20% B, 2-19 min 20-80% B, 19-21 min 100% B, 21-
22 min 20% B. Statistical analysis was performed using an unpaired Students t-

test.
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4.2.2 Cells and culture protocols

Caco-2 cells were purchased from ATCC (Manassas, Virginia). Caco-2
cells were cultures in Eagle’s Minimal Essential Medium supplemented with 20%
FBS, 1% penicillin-streptomycin and 1% L-glutamine. MCF7 cells were purchased
from ATCC (Manassas, Virginia). MCF7 cells were cultured in Dulbecco’s
Modified Eagle Medium supplemented with 10% FBS and 1% penicillin-
streptomycin. Cell lines were grown at 37 °C with 5% CO,. For all cell studies,

both cell lines were used between passages 20-28.

4.2.3 Cell assay protocols

All cell assays were performed following a modified literature procedure.?®
Cells were plated (1.55 x 10° cells/well for MCF7, 0.4 x 10° cells/well for Caco-2)
and incubated at 37 °C with 5% CO, for 3 days to reach confluency. Cells were
then pre-incubated with Pantoprazole, Elacridar, or Cyclosporin A (10 yM in
media stocks) for 1 hour. Cells were then incubated with 15 pL (use repeator
pipette) of *"Tc-Sestamibi or compound 14 (555 kBg/mL in PBS). Activity uptake
was terminated at 60 minutes by washing three times with ice cold PBS + 0.5%
BSA and subsequently lysing with RIPA lysis buffer (50 mM Tris, 150 mM NaCl,
0.5% DOC, 1% NP-40, 0.1% SDS, pH 8.0) (300 uL/well). Cell media and lysates
were collected and counted along with **™Tc-Sestamibi and 14 standards of
known activity using a gamma counter. Relative cellular accumulation of the **™Tc

compounds was determined for each well of confluent cells (cpm cells x 100/cpm
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medium). Results were normalized to protein content as determined in the cell

lysates using a BCA Assay kit (Thermo Fisher Scientific).

4.2.4 Flow cytometry assay protocol

The flow cytometry assay was performed as a modified literature
procedure.”® Caco-2 and MCF7 cells were trypsinized and diluted to a
concentration of 1 x 10° cells/mL. Cells were then centrifuged to remove media,
and washed 3 times with PBS + 0.5% BSA. After the final wash, cells were
suspended in PBS + 0.5% BSA at a concentration of 1 x 10° cells/mL. Cells were
then incubated with 10 pL of 7AAD, fluorescein isothiocyanate (FITC)-tagged P-
glycoprotein mouse anti-human antibody (FITC-Ab) (20 pL), both, or neither for
40 minutes on ice in the dark. After staining, cells were washed 3-5 times with ice
cold PBS + 0.5 BSA. Cells were then re-suspended in flow buffer and loaded in to
flow cytometry tubes. Fluorescence was detected using a FACS calibur flow
cytometer equipped with an ultraviolet argon laser (excitation at 466 nm, emission

at 535 nm band-pass filters).

4.2.5 Fluorescence cell imaging

Caco-2 cells were plated at 0.6 x 10° cells/well and incubated for 3 days.
MCF7 cells were plated at 1.55 x 10° cells/well and incubated for 3 days. Media
was aspirated from wells, and cells were washed 3 times with ice cold 1 mL of
PBS + 0.5% BSA, Wells were then incubated with 500 yL of a solution of buffer

and FITC-Ab (980 pL of PBS + 0.5% BSA and 20 pL of FITC-Ab) for 40 minutes
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on ice in the dark. Control wells were incubated with 500 uyL of PBS + 0.5% BSA
with no FITC-Ab. Staining buffer was then aspirated from cells and washed 3
times with 1 mL of ice cold PBS + 0.5% BSA. 300 pL of ice cold PBS + 0.5% BSA
was then added to each well and bright field and fluorescent images taken using
an Olympus inverted bright field & fluorescent microscope (Model BX53F)

equipped with a FITC filter.

4.2.6 Animal models and biodistribution studies

Animal studies were approved by the Animal Research Ethics Board at
McMaster University in accordance with Canadian Council on Animal Care
(CCAC) guidelines. Biodistribution studies were performed using female BALB/c
mice (Charles River Laboratories, Kingston, NY) at the indicated time points. The
mice were administered the agents via tail vein injection. For all inhibitors that
were selected, the dosage of each compound was determined by literature LDsg
values, and in combination with the animal ethics board guidelines at McMaster.
In pathway inhibition studies, 14 was added to a solution of alendronate (20
mg/kg), zoledronate (9 mg/kg), rifampin (20 mg/kg), indocyanine green (20
mg/kg), indomethacin (1 mg/kg), Montelukast (25 mg/kg) or taurine (20 mg/kg) in
PBS + 0.5% BSA + 0.01% polysorbate 80 to a concentration of 7.4 MBg/mL. For
inhibition studies involving Elacridar, Elacridar was dissolved to a concentration of
62.4 mg/kg in PBS + 5% polysorbate 80 + 10% DMSO, and given orally by

gavage 2 hours prior to injection of 14. For solutions containing Montelukast,
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indomethacin, indocyanine green, and rifampin, 10% ethanol was also added to

aid in solubility.
4.3 Results and Discussion

4.3.1 Evaluation of nitrogen containing bisphosphonates as mevalonate
pathway inhibitors

Compound 14 (Figure 4.3) was selected as the lead compound due to its
superior clearance profile versus the first generation *™Tc-tetrazines described in
chapter 2, and it’s successful pretargeting with TCO-ALN. Initially the effect of
alendronate on the distribution of compound 14 was investigated after a 75%
reduction in gallbladder uptake was observed in pretargeting studies with
compound 14 and TCO-ALN containing an excess of ALN. To investigate this
reduced gallbladder uptake, biodistribution studies were performed, where
alendronate was combined with 14 in PBS + 0.5% BSA + 0.01% polysorbate 80
at a concentration of 20.0 mg/kg (300 ug/mouse). This concentration was
selected based on half of the intravenous LDs, for alendronate (40 mg/kg for
female mice), and discussions with the McMaster Central Animal Facility (CAF)
regarding acceptable dosing levels.?” At 6 hours post-injection, animals were
sacrificed, organs and tissues were excised, and activity measured using a
gamma counter. The percent injected dose was normalized by the weight of each

organ or tissue to obtain a value of percent injected dose per gram (%ID/g).
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Figure 4.3 Structure of compound 14.

The uptake of 14 in the presence of alendronate was compared to previous
studies of compound 14 alone (Figure 4.4). The data indicated there was no
significant difference in the uptake in most organs when 14 was co-administered
with ALN (liver: 1.68 = 1.30 and 1.29 + 0.14 %ID/g, large intestine: 98.9 + 106 and
77.1 £ 5.68 %ID/g, small intestine: 4.25 + 2.97 and 1.55 + 0.53 %ID/g, blood: 3.20
+ 1.45 and 0.76 = 0.02 %ID/.g). There was however, a significant decrease in gall
bladder uptake; with the %ID/g being reduced approximately six-fold (216 + 75.9

to 33.6 + 3.93 %ID/g).
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Figure 4.4 Biodistribution of compound 14 alone (light grey) and 14 with
alendronate (dark grey) (300 pg). BALB/c mice (n=3 per compound) were injected
with approximately 740 kBq of 14 and sacrificed 6 hours post injection. Data is
expressed as the mean injected dose per gram (%ID/g) + SEM. Organs and

tissues with uptake less than 1 %ID/g are not presented. *p < 0.05.

An additional pretargeting study was performed with TCO-ALN plus ALN
(226 ug TCO-ALN, 74.0 ug ALN/mouse). The purpose of this study was to
determine if excess alendronate would have an effect on the targeting ability of

TCO-ALN and to see if the observed reduction in the first study was associated
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with biological variability. The study was performed by administering TCO-ALN
(220 pg/mouse) with ALN (74 ug/mouse) in 0.9% saline via the tail vein. One hour
following the TCO-ALN injection, compound 14 was administered. At 6 hours post
injection of 14, animals were sacrificed, organs and tissues were excised, and
activity measured using a gamma counter.

Comparing the two pretargeting studies (Figure 4.5), using an unpaired
students t-test, there was no significant change in radiotracer uptake in the knee
with pure TCO-ALN or TCO-ALN with excess alendronate (20.1 + 4.91 and 14.9 =
2.43 %I|D/g respectively). Similarly, little difference was seen in other organs such
as the blood, kidneys, liver, intestines, stomach and thyroid/trachea. The most
notable difference in tracer uptake between these experiments was seen in the
gall bladder. As seen in previous studies (Figure 4.5), a roughly six-fold decrease
in gall bladder uptake was seen in the presence of excess alendronate

experiment (91.5 + 17.1 to 28.8 + 2.63 %ID/q).
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Figure 4.5 Biodistribution data from pretargeting studies with compound 14 and
TCO-ALN, or compound 14 and TCO-ALN + ALN. Compound 14 was
administered (approximately 740 kBq) to BALB/c mice (n=3 per compound) 1
hour post injection of TCO-ALN. Mice were sacrificed 6 hours post injection of 14.
Data is expressed as the mean injected dose per gram (%ID/g) + SEM. Organs

and tissues with uptake less than 1 %ID/g are not presented. *p < 0.05.

As noted previously, alendronate and other nitrogen containing
bisphosphonates inhibit the enzyme farnesylpyrophosphate synthase; an enzyme
in the mevalonate pathway responsible for the synthesis of cholesterol and bile

acids in the liver.?>?? It was hypothesized that the inhibition of cholesterol and bile
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acid formation could potentially be responsible for the reduced gall bladder
activity. It is this reduction in gall bladder activity that may have caused a
reduction in the uptake of compound 14.

Since the results with alendronate were promising, it was hypothesized
that a more potent nitrogen-containing bisphosphonate could further reduce gall
bladder uptake. Zoledronate, an imidazole containing bisphosphonate (Figure
412C), is a known inhibitor of farnesyl pyrophosphate synthase in the
mevalonate pathway similar to alendronate. However, zoledronate is a more
potent inhibitor (ICso = 4.1 + 0.22 versus 260 + 19.6 nm).?* The hypothesis is that
by using a more potent inhibitor, a further reduction in gall bladder uptake of 14
could be achieved. This was tested by formulating 14 with zoledronate (135
pg/mouse, 9 mg/kg) in PBS + 0.5% BSA + 0.01% polysorbate 80. Six hours
following the injection of 14 with zoledronate, the animals were sacrificed and
tissues collected and counted. Comparing the distribution of 14 with zoledronate
and 14 alone, it appeared that there was no significant change in gall bladder
uptake (Figure 4.6). Surprisingly, it appeared that alendronate had a much greater
impact on reducing gall bladder uptake than zoledronate (33.6 + 3.93 and 241 =
15.7 %ID/g, respectively). These results suggest that perhaps alendronate is
acting through a different mechanism, or the bioavailability of zoledronate is

significantly lower than alendronate.?®2°
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Figure 4.6 Biodistribution of compound 14 alone, 14 with alendronate (300 ug),
and 14 with zoledronate (135 pg). BALB/c mice were administered approximately
740 kBq of 14 and sacrificed 6 hours post injection. Data is expressed as the
mean injected dose per gram (%ID/g) + SEM. Organs and tissues with uptake

less than 1 %ID/g are not presented. *p < 0.05.

4.3.2 Biodistribution studies in the presence of taurine
Taurine (Figure 4.12B) is an amino acid derivative that can be found in
tissues such as the heart, retina, liver and brain.*%® Taurine is a major

component of bile, and plays a key role in many biological processes such as
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conjugation of bile acids, osmoregulation, membrane stabilization, cardiovascular
function, and function of skeletal muscle.?"®

The role of taurine in bile acid metabolism was of significant interest to this
work, as it could potentially reduce radiotracer uptake. It is known that bile acids
are conjugated with either taurine or glycine by Coenzyme A synthase and bile
acid aminotransferase within the liver, for secretion of bile acids into bile.'?3%3":33
With over 25 % of bile acids being conjugated to taurine within humans (95% in

murine bile),'?

it was hypothesized that co-administration of taurine with 14
could reduce uptake in the gallbladder.

Similar to the biodistribution studies with alendronate, compound 14 was
co-formulated with taurine (300 yg/mouse, 20 mg/kg) in a solution of PBS + 0.5%
BSA + 0.01% polysorbate 80. A biodistribution study of 14 + taurine at 6 hours
post-injection was performed and compared to the previous studies of compound
14 with alendronate, and 14 alone (Figure 4.7). Comparing the biodistribution
results at 6 hours post injection of 14 + taurine and 14 alone, it appears that
taurine did not significantly decrease the amount of compound 14 within the
gallbladder (100 + 53.0 and 216 + 75.9 %ID/g, respectively). There was very little
difference in the uptake in other organs such as the large intestine (73.7 = 4.89

and 98.9 + 106 %ID/g), kidneys (0.73 = 0.03 and 1.38 + 1.32 %ID/g), and

stomach (17.2 £ 7.89 and 21.0 = 13.7 %ID/g, respectively).
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Figure 4.7 Biodistribution of compound 14 alone, 14 with alendronate (300 ug),
and 14 with taurine (300 pg). BALB/c mice were administered approximately 740
kBq of 14 and sacrificed 6 hours post injection. Data is expressed as the mean
injected dose per gram (%ID/g) + SEM. Organs and tissues with uptake less than

1 %ID/g are not presented. *p < 0.05.

89



Ph.D. Thesis — H. Bilton; McMaster University — Chemistry and Chemical Biology

4.3.3 In vitro and in vivo evaluation of P-glycoprotein/Multi-drug resistance
protein inhibitors

With success only being seen using alendronate thus far, the next step
was to explore other key hepatic transporters and mechanisms of drug clearance.
P-glycoprotein/Multi-drug resistance gene (P-gp/MDR) is a class of transporters
that belongs to the ATP binding cassette family of transporters that is responsible
for the export of compounds into the bile. P-gp/MDR is expressed in several
organs such as the intestines, liver, kidneys, and the blood-brain barrier.?*3°
Specifically, P-gp/MDR is expressed on the apical membrane of hepatocytes. It is
known that the inhibition or induction of P-gp/MDR can lead to changes in
pharmacokinetic profile and efficacy of certain drugs. Unlike other transporters, P-
gp/MDR has a wide variety of substrates such as organic cations, carbohydrates,
amino acids and antibiotics.®® Furthermore, P-gp/MDR is considered one of the
most important transmembrane transporters in the human body, as it has an
effect on the absorption and excretion of a wide-variety of drugs.®

The inhibition of P-gp/MDR has been studied as a method of reversing
drug resistance in cancer cells. For this reason, many P-gp/MDR inhibitors are
known as chemosensitizers, as they are able to increase the efficacy of
chemotherapeutics when co-administered.®*®” Similar to the wide range of
substrates for P-gp/MDR, there are also hundreds of inhibitors of this transporter

with varying potencies.®**® Many of these inhibitors have structural similarities,
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such as aromatic rings, tertiary or secondary amino groups, and high
lipophilicities.®

Several compounds were tested clinically for the inhibition of P-gp/MDR,
such as the calcium channel blocker verapamil, antimalarial drugs quinine and
quinidine, and the immunosuppressive agent Cyclosporin A. However, the high
doses required to reach adequate inhibition in vivo resulted in toxicity.*® Improving
on previous results, a new generation of inhibitors are being tested. These include
the antineoplastic drug Zosuquidar, the verapamil derivative Laniquidar, the
chemotherapy drug mitotane, and the drug Biricodar which is being used to treat
ovarian cancer.** These inhibitors have higher potencies than previous
compounds, and greater specificity for the P-gp/MDR transporter.*

To evaluate if the ®™Tc-tetrazine 14 is transported by P-gp/MDR, assays
using human epithelial colorectal adenocarcinoma (Caco-2) cells, which are
known to express P-gp, were conducted. Following an established procedure,® a
cell inhibition assay was performed where P-gp positive cells (Caco-2) and P-gp
negative cells (MCF7) were pre-incubated with several known P-gp inhibitors at a
concentration of 10 uM (Cyclosporin A, Pantoprazole, and Elacridar). As a
negative control, wells containing P-gp positive or negative cells were incubated
with only PBS. After a one hour of incubation, either 9MTc-Sestamibi (a known P-
gp substrate) or compound 14 was added to the cells (15 yL of a 15 pyCi/mL
solution in PBS). Activity uptake was terminated at 1 hour and the cells washes

and then lysed. Cell media and lysates were collected and counted along with
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standards of %™Tc-Sestamibi and compound 14. The counts were then
normalized by protein concentration using a BCA assay.

Higher cellular binding/internalization was seen in both cell lines with
99MTc-Sestamibi compared to studies with compound 14 (Figure 4.8). It also
appeared that the presence of the P-gp inhibitors did not significantly increase
cell permeability for the positive control as expected. Unfortunately, the same
trend was observed with compound 14 in both cell lines (Figure 4.9). Comparing
these results to that of an established flow cytometry assay, low P-gp expression
is the Caco-2 cells are likely the source of the issue (data not shown). It has been
reported that P-gp expression levels on Caco-2 cells can be highly variable

depending on culturing times and conditions.*
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Figure 4.8 Percent binding of **"Tc-Sestamibi in Caco-2 (P-gp positive, dark
bars) and MCF7 (P-gp negative, light bars) cell lines in the absence or presence

of known P-gp inhibitors (10 yM).
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Figure 4.9 Percent binding of compound 14 to Caco-2 (P-gp positive, dark bars)
and MCF7 (P-gp negative, light bars) cells in the absence or presence of known

P-gp inhibitors (10 yM).

Given the issues with the cell assays, studies to evaluate the potential
benefits of P-gp inhibition in vivo were performed. Similar studies had been
performed to evaluate the effect of other inhibitors on compound 14 in sections
4.3.1 and 4.3.2. For these studies a positive control experiment was conducted,

where the third generation P-gp inhibitor Elacridar was administered orally (62.4
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mg/kg) 2 hours before administering **™Tc-Sestamibi intravenously in a solution
of PBS + 0.5% BSA + 0.01% polysorbate 80. In parallel, a second study was
performed where **"Tc-Sestamibi was administered intravenously without the
pre-treatment of Elacridar. For both studies, animals were sacrificed at 6 hours
post-injection and distribution studies were conducted. Comparing the results, it is
clear that the uptake of **™Tc-Sestamibi alone, and in the presence of Elacridar
(Figure 4.10) showed that Elacridar successfully reduced gall bladder uptake (130

+ 27.8 to 43.5 + 17.8 %ID/g respectively), while increasing liver uptake (1.45 =

0.09 to 16.38 = 1.19 %ID/g respectively).
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Figure 4.10 Biodistribution data for *°™Tc-Sestamibi alone and **"Tc-Sestamibi
with Elacridar (62.4 mg/kg p.o.). BALB/c mice were administered approximately
740 kBq of *™Tc-Sestamibi and sacrificed 1 hour post injection. Data is
expressed as the mean injected dose per gram (%ID/g) + SEM. Organs and
tissues with uptake less than 5 %ID/g are not presented. *p < 0.05, **p < 0.01,

***3 < 0.001, ***p < 0.0001.

After performing the positive control studies, studies were performed with
compound 14, where Elacridar was administered orally (62.4 mg/kg) 2 hours
before administering compound 14 intravenously in a solution of PBS + 0.5% BSA
+ 0.01% polysorbate 80. In parallel, a second study was performed where
compound 14 was administered intravenously without pre-treatment with
Elacridar. For both studies, animals were sacrificed and biodistribution studies
were performed at 6 hours post-injection. Comparing the two studies (Figure
4.11), there was very little difference in the uptake of 14 in all organs. Specifically,
there was no significant change in gallbladder uptake (284 + 118 and 460 + 330,

respectively), suggesting that compound 14 is likely not a P-gp substrate.
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Figure 4.11 Biodistribution data for compound 14 alone and 14 with Elacridar
(62.4 mg/kg p.o.). BALB/c mice were administered approximately 740 kBqg of 14
and sacrificed 1 hour post injection. Data is expressed as the mean injected dose
per gram (%ID/g) + SEM. Organs and tissues with uptake less than 1 %ID/g are

not presented.

4.3.4 In vivo evaluation of OATP inhibitors

Furthering the study of the mechanism of gall bladder uptake, the organic
anion transporting polypeptide (OATP) was explored. OATPs are a class of influx
transporters located in the liver, brain, kidneys, intestine, and testes. These
transporters regulate the cellular uptake of both endogenous compounds and

xenobiotics. There are several subsets of OATPs,'® with the OATP1B family of
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transporters being the most relevant, as OATP1B1 is one of the most highly
expressed transporters in the human liver, located on the basolateral membrane
of hepatocytes.!” Furthermore, mice possess a homologous analog of human
OAT1B1 (OATP1B2) in the liver, making it a simple transporter to study, without
the need for transgenic mouse models.*’

The OATP1B1 inhibitor chosen was rifampicin, an approved antibiotic for
the treatment of tuberculosis. Rifampicin inhibits OATP1B1 with an ICso of 0.47-17
uM, and OATP1B2 with an ICso of 3.2 uM.**** Another OATP1B inhibitor that
was used was indocyanine green (ICG). ICG is a less commonly used OATP
inhibitor, but is a more clinically relevant compound compared to rifampicin, due
to greater tolerance and fewer side effects.***® ICG is approved for measuring
cardiac output and hepatic function in patients. It has also proven to be an
inhibitor of OATP1B1 with an ICs of 3.16 uM.*’

To assess the effects of OATP1B1 inhibition on the clearance of 14,
biodistribution studies were performed, where 14 was co-formulated with either
rifampicin (300 pg/mouse, 20 mg/kg) or ICG (300 pg/mouse, 20 mg/kg) in a
solution of PBS + 0.5% BSA + 0.01% polysorbate 80 with 10% ethanol. At 6
hours post-injection, animals were sacrificed and organs were excised, washed,
and counted. Results reported as %ID/g were compared to previous
biodistribution studies of 14 alone (Figure 4.13).

Comparing the results of 14 co-formulated with rifampicin to that of 14

alone (Figure 4.13), it was apparent that there was no significant change in the
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uptake in all major organs: gall bladder (182 + 60.2 versus 216 + 75.9 %ID/g),
liver (0.67 + 0.06 versus 1.68 + 1.30 %ID/g), small intestines (3.40 + 0.93 versus
4.25 + 2.97 %ID/g), large intestines (92.2 = 10.9 versus 98.9 + 106 %ID/g), and
kidneys (0.84 = 0.04 versus 1.38 = 1.32 %ID/g). The data also showed that the
uptake of 14 when co-formulated with indocyanine green did not result in a
significant change in uptake when compared to studies with 14 alone (Figure
4.13): gall bladder (63.7 + 40.3 versus 216 = 75.9 %lID/g), liver (0.53 + 0.21
versus 1.68 + 1.30 %ID/g), large intestines (10.7 + 10.6 versus 98.9 + 106
%ID/g), small intestines (20.73 + 8.30 versus 4.25 + 2.97 %ID/g), and kidneys

(0.45 + 0.18 versus 1.38 = 1.32 %ID/qg).

4.3.5 In vivo evaluation of OAT inhibitors

Another transporter of interest is the organic anion transporter (OAT).
OAT’s are a family of solute carrier transport proteins located in liver hepatocytes.
These transporters mediate cellular uptake of many xenobiotics and endogenous
compounds. Similar to OATPs, OATs are a family of transporters, where OAT2
has comparable expression in both human and rodent livers and kidneys. *®4°
The OAT2 inhibitor of choice was indomethacin, which is a clinically approved
nonsteroidal anti-inflammatory (NSAID) for the treatment of fever, pain,
inflammation and many types of arthritis. Indomethacin inhibits OAT2 with an ICs
value of 64.1 yM. Indomethacin can also inhibit others OATs (OAT1, ICso = 3.83

UM, OATS, ICsp = 0.61 uM), and OAT4, ICso = 10.1 uM), however the low
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expression of these OATSs in the liver make them less significant in the context of
our studies.*

To determine of OAT inhibition had an impact on the clearance of 14,
biodistribution studies were performed, where 14 was co-formulated with
indomethacin (15 pyg/mouse, 1 mg/kg) in a solution of PBS + 0.5% BSA + 0.01%
polysorbate 80 with 10% ethanol. At 6 hours post-injection, animals were
sacrificed and organs were excised, washed and counted. Results of 14 co-
formulated with indomethacin were compared to previous biodistribution studies
of 14 alone (Figure 4.13). It was determined from these results that the presence
of indomethacin in the formulation of 14 did not significantly change the
radiotracers clearance, with most organs having no significant change in uptake:
gall bladder (182 + 60.2 versus 216 + 75.9 %ID/q), liver (0.67 + 0.06 versus 1.68
+ 1.30 %ID/g), small intestines (6.21 + 1.36 versus 4.25 + 2.97 %ID/qg), large
intestines (130 = 12.2 versus 98.9 = 106 %ID/g), and kidneys (0.96 + 0.09 versus

1.38 = 1.32 %ID/g).

4.3.6 In vivo evaluation of MRP inhibitors

Another common liver transport system of interest for our studies was the
multidrug resistance-associated protein (MRP). MRP is a family of efflux
transporters that are expressed in the liver and intestines. These transporters are
members of the ATP-binding cassette family that exports compounds from cells

at the expense of ATP.'*" There are several subsets of MRP transporters within
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the liver that often work together to transport similar compounds into the bile
(such as hydrophobic anionic compounds and peptidomimetics).’**® Of the MRP
subsets, MRP2, MRP3 and MRP6 are the most common for transporting
xenobiotics into the bile, located on the apical membrane of hepatocytes.®'** The
MRP inhibitor of choice for our studies was Montelukast. Montelukast, or better
known as Singulair, is clinically approved leukotriene receptor antagonist that is
used for the treatment of asthma. Montelukast has also been studied as an MRP
inhibitor, with an ICso of 26.9 uM for MRP2 and 20.3 yM for MRP3.%°

To evaluate the effect of MRP inhibitors on the clearance of 14,
Montelukast (375 pg/mouse, 25 mg/kg) was co-formulated with 14 in a solution of
PBS + 0.5% BSA + 0.01% polysorbate 80 with 10% ethanol. At 6 hours post-
injection of the co-formulation, mice were sacrificed, organs excised and tissues
counted. The results of the biodistribution study with Montelukast are shown in
figure 4.13. Comparing the distribution of 14 in the presence of Montelukast to 14
alone, it appeared that there was no significant change in uptake in all major
organs: gall bladder (225 + 77.8 versus 216 = 75.9 %ID/g), liver (1.11 = 0.12
versus 1.68 + 1.30 %ID/g), small intestine (5.88 + 2.04 versus 4.25 + 2.97 %ID/qg),
large intestine (124 + 14.5 versus 98.9 + 106 %ID/g), and kidneys (0.95 + 0.04

versus 1.38 + 1.32 %ID/qg).
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Table 4.1 Inhibitors of specific hepatobiliary transport pathways and their dose

(i.v. = intraveous, p.o. = per 0s).

Inhibitor Target Pathway Dose (mg/kg)
Alendronate Mevalonate 20 (i.v.)
Zoledronate Mevalonate 9 (i.v.)

Rifampin OATP 20 (i.v.)

Indocyanine green OATP 20 (i.v.)
Indomethacin OAT 1 (i.v.)
Montelukast MRP/BCRP 25 (i.v.)

Taurine Bile acid conjugation 20 (i.v.)

Elacridar P-glycoprotein 62.4 (p.o.)
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Figure 4.12 Structures of key pathway inhibitors. A) Alendronate B) Taurine C)
Zoledronate D) Indomethacin E) Indocyanine green F) Rifampicin Q)

Pantoprazole H) Elacridar 1) Montelukast and J) Cyclosporin A.
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Figure 4.13 Biodistribution data for compound 14 alone, and 14 with indocyanine
green (300 pg), alendronate (300 ug), zoledronate (135 pg), indomethacin (15
HQg), rifampicin (300 pg), and Montelukast (375 pg). Compound 14 (approximately
740 kBq) or 14 with each formulation additive were administered to healthy
BALB/c mice (n=3 per compound). Biodistribution studies were conducted 6

hours post injection. Data is expressed as the mean injected dose per gram
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(%ID/g) + SEM. Organs and tissues with uptake less than 1 %ID/g are not

presented. *p < 0.05.

After analyzing the data from all formulation studies, none of the new
pathway inhibitors resulted in a significant change in distribution. More
specifically, there was no significant change in gall bladder uptake of 14 in the
presence of any inhibitor, with the exception of alendronate. There are several
potential reasons as to why most inhibitors demonstrated negligible change in
compound distribution. The first reason could be that 14 was not cleared through
the specific pathway that was being studied. Second, there could potentially be a
mismatch between the dosing of the inhibitor (amount administered) and the

timing of the study.

4.4 Conclusions and Future Work

From this work, it was shown that the addition of alendronate to the
formulation of compound 14 resulted in a six-fold decrease in gall bladder uptake.
Known inhibitors of hepatobiliary pathways such as P-gp/MDR, OATP, OAT,
MRP/BCRP, and bile acid conjugation were explored, and appeared to have little
to no effect on the distribution of 14. Although alendronate is a known inhibitor of
the mevalonate pathway, the presence of other nitrogen-containing
bisphosphonates did not elicit a change in the distribution of 14. Further

investigation is needed to determine the role of alendronate on the altered
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distribution of 14, and to elucidate the pharmacokinetic pathway in which 14 is

being cleared. Unfortunately, these studies did not reveal additional information

needed to optimize the structure of the tetrazines. Chapter 5 focuses on a parallel

study that involved studying the impact of changing the donor groups on the

chelate on the biodistribution of the associated **™Tc complexes.
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4.6 Supplemental Information

Fluorescent Imaging of P-gp positive and negative cell lines

Caco-2 cells were plated at 0.6 x 10° cells/well and incubated for 3 days at
37 °C with 5% CO,. MCF7 cells were plated at 1.55 x 10° cells/well and incubated
for 3 days at 37 °C with 5% CO,. Media was aspirated from wells, and cells were
washed 3 times with ice cold 1 mL of PBS + 0.5% BSA. Wells 1-2 of each cell line
were then incubated with 500 pL of a solution of buffer and FITC-Ab (980 uL of
PBS + 0.5% BSA and 20 uL of FITC-Ab — ice cold) for 40 minutes on ice in the
dark (Note: plate was wrapped in tin foil). Well 3 was incubated with 500 pL of
PBS + 0.5% BSA with no FITC-Ab (to determine inherent cell fluorescence).
Staining buffer was then aspirated from cells and washed 3 times with 1 mL of ice
cold PBS + 0.5% BSA. Wells were filled with 300 pL of ice cold PBS + 0.5% BSA.
Bright field and fluorescent images were taken using the Olympus inverted bright
field & fluorescent microscope (Model BX53F) equipped with a FITC filter.
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Figure S 3.1 Bright field image (left) and fluorescent image (right) of P-gp (+)
Caco-2 cells stained with FITC Mouse Anti-Human P-glycoprotein (CD243) Clone

17F9.

P-gp Expression Assay (Flow Cytometry)

Caco-2 and MCF?7 cells were plated in a T125 flask (approximately 1 x 10°
cells) and incubated for 3 days at 37 °C with 5% CO,. Cells were trypsinized,
counted, and diluted to a concentration of 1 x 10° cells/mL in media. Cells were
then centrifuged to remove media, and suspended in PBS + 0.5% BSA at a
concentration of 1 x 10° cells/mL. Cells were washed 2 times with ice cold PBS +
0.5% BSA. Cells were re-suspended in ice cold PBS + 0.5% BSA an incubated
with 7-aminoactinomycin D (7AAD) (10 uL), FITC-Ab (20 pL), both, or neither for
40 minutes on ice in the dark. After staining, cells were washed 3-5 times with ice

cold PBS + 0.5 BSA. Cells were then re-suspended in flow buffer and loaded in to
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flow cytometry tubes. Fluorescence was detected using a BD LSRFORTESSA
cell analyzer equipped with an ultraviolet argon laser (excitation at 466 nm,

emission at 535 nm band-pass filters).
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Chapter 5: Towards a new ?*™Tc-labeled tetrazine-

chelate derivative with improved pharmacokinetics

5.1 Introduction

An alternative strategy to studying clearance pathways using inhibitors is
to change the nature of the chelate complexes to achieve the desired
biodistribution. In chapter 2, attempts were made to alter the distribution of **™Tc-
tetrazines through the modification of linker groups, which had some success.
Rather than modifying the linker groups alone, the nature of the donor groups on
the chelate can also be changed.

A wide variety of chelate complexes of the **™Tc[Tc(CO)s]* core have been
reported in the literature, where significant differences in clearance profiles were
observed.”™ As one example, Banerjee and coworkers evaluated the impact of
changing the nature of **™Tc(l) chelates on the biodistribution of small molecule
inhibitors of prostate-specific membrane antigen (PSMA)." It was discovered that
99MTc[Tc(CO)s]* complexes containing pyridine and imidazole heteroatoms
resulted in high gall bladder uptake, with predominately hepatobiliary clearance.’
Furthermore, these compounds resulted in less than optimal target to non-target
ratios. In contrast, a **™Tc[Tc(CO)s]* mixed chelate developed initially by Kluba
and co-workers comprised of triazole, amine, and carboxylic acid donor ligands

resulted in rapid renal clearance with exceptional target to non-target ratios."®
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Based on this and other comparable studies,® the evaluation of different
9MTc[Tc(CO)s]* chelate complexes was investigated. Specifically, the effect of
chelate composition on the distribution of **™Tc-compounds was evaluated in an
attempt to overcome high hepatobiliary clearance seen with previous compounds
(Chapters 2, 3 and 4). Specifically, a triazole based chelate that showed promise
as a PSMA-targeting agent*® was further modified, and assessed in vivo to
determine its potential to be used to create a %*"Tc-labeled tetrazine for

pretargeting strategies.

5.2 Materials and Methods

5.2.1 General materials and instruments

All compounds were purchased from Sigma Aldrich, unless otherwise
stated. Fmoc-Lysine(N3)-OH, Boc-propargylglycine:DCHA, and 3-azido-1-
propanamine were purchased from Anaspec (Fremont, CA). 4-(1,2,4,5-Tetrazin-
3-yl)phenyl) methanamine hydrochloride was purchased from Conju-Probe (San
Diego, CA). NMR solvents were purchased from Caledon Laboratory Chemicals
(Georgetown, ON). Sodium pertechnetate was provided by Mallinckrodt
Pharmaceuticals from an Ultra-Technekow generator.

High performance liquid chromatography (HPLC) of radioactive
compounds were performed on a Waters 1525 Binary (Midford, MA, USA)

monitored simultaneously with 2998 photodiode array detector at 220/254 nm and
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in line radioactivity Bioscan gamma detector with Nal (T1) scintillator using the
Empower software package. Analytical HPLC of all other compounds were
performed on a Varian Prostar 230 monitored simultaneously with a Prostar 335
PDA detector. HPLC method: Phenomenex C-18 analytical column (250 mm x
4.6 mm x 5 um) operating at a flow rate of 1.0 mL/min (analytical) was used. The
following solvent gradient was employed: Method 1 (solvent A = HoO + 0.1% TFA,
solvent B = ACN + 0.1% TFA): 0-2 min 5% B, 2-21 min 5-15% B, 21-22 min 15-
50% B, 22-24 min 50% B, 24-30 min 50-5% B, 30-32 min 5% B. Method 2
(solvent A = H,O + 0.1% TFA, solvent B = ACN + 0.1% TFA): 0-2 min 20% B, 2-

19 min 20-80% B, 19-21 min 100% B, 21-27 min 20% B.

5.2.2 Synthesis of compounds 22-23b, 26-27, and 30-32
The synthetic methods for compounds 22-23b, 26-27, and 30-32 are

reported in Appendix II.

5.2.3 Animal models and biodistribution studies

Animal studies were approved by the Animal Research Ethics Board at
McMaster University in accordance with Canadian Council on Animal Care
(CCAC) guidelines. Biodistribution studies were performed using female BALB/c
mice (Charles River Laboratories, Kingston, NY) at the indicated time points. The
mice were administered the agents via tail vein injection in a formulation of PBS +

0.5% BSA + 0.01% polysorbate 80 to a concentration of 7.4 MBg/mL.
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5.3 Results and Discussion

5.3.1 Effect of chelates on distribution

In prior work (Chapter 2), it was determined that the addition of hydrophilic
groups and linkers can aid in compound clearance. However, the addition of
these groups could reduce, but not eliminate, undesired uptake in the gallbladder.
To determine the extent to which the chelate was driving the undesired
localization, compound 11b, (the chelate found in 11a without a tetrazine) was
labeled with %*™Tc following the previously described procedure (Section 2.2.1). In
brief, 11a was heated in the presence of **™Tc[Tc(CO)s(OHz)s]* at 60 °C for 20
minutes at pH 3.5, followed by HPLC purification and TFA deprotection, resulting

in 11b which was obtained in 31% radiochemical yield.

et [NA«C’”

i) %M Te[Te(CO)g(OHy)sl", o

60 °C, 20 min, pH 3.5 )\
)\’{\/O\))J\OH -t - (0. ﬁ)*\/OVkOH

W) ii) TFA, DCM </\
<\’\ o 60 °C, 6 min \ N 1)
AN /% \//<OH

O

11a 11b

Figure 5.1 Labeling of 11a with ®**™Tc to produce 11b. Experimental details are

provided in Appendix II.
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Compound 11b was administered to female BALB/c mice (~0.74 MBq)
where at 1 hour post injection, animals were sacrificed and organs/tissues were
excised. The %ID/g of each organ was plotted, and compared to the distribution
of 14 (Figure 5.2). Comparing the clearance profile of 11b and 14 (Figure 5.3),
both compounds showed similar uptake in all organs. Specifically, the high uptake
seen in the gallbladder (340 + 19.7 for 11b, and 460 + 330 % ID/g for 14) and
small intestine (90.0 = 7.25 for 11b, and 54.9 + 67.0 %ID/g for 14) for both
compounds suggests that the *™Tc-complex, rather than the tetrazine moiety,
was in fact driving off-target uptake. This conclusion is further supported by the
fact that this high hepatobiliary uptake was not seen with other radiolabeled

tetrazines derived from the same starting material (tetrazine amine).”®

Figure 5.2 Structure of compound 14.
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Figure 5.3 Biodistribution data of 11b (light bars) and 14 (dark bars). BALB/c
mice (n=3 per compound) were injected with approximately 0.74 MBq of 11b or
14 and sacrificed 1 hour post injection. Data is expressed as the mean injected
dose per gram (%ID/g) + SEM. Note: large error bars are due to the variability

associated with clearance organs.

These results suggest that it may be beneficial to investigate other *™Tc
chelates that have superior clearance from non-target tissues. As noted
previously, a triazole-based chelate developed by Kluba and coworkers showed
promise as a PSMA-targeting agent, with rapid clearance from non-target tissues
and high target to non-target ratios.® At 2 hours post injection, the **™Tc-triazole

ligand had very little uptake in non-target tissues, with most tissues having <1
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%ID/g, with the exception of the liver (6.11 + 0.66 %ID/g), spleen (4.42 + 1.68
%ID/g), and kidneys (116.2 = 14.2 %ID/g). Furthermore the **™Tc-triazole ligand
was able to effectively target PSMA expressing tumours when tagged with a Glu-
Urea-Lys PSMA targeting moiety, with a tumour: blood ratio of 109 + 28.8 at 2
hours post injection.’

Compound 22 (Figure 5.4) was prepared following a literature procedure,
where the synthetic methods are described in Appendix Il." To prepare 22, 21
was first generated through a copper () catalyzed azide-alkyne cycloaddition
(CuAAC) between Fmoc-azido-L-lysine (19), and Boc-propargylglycine (20), using
copper acetate as the catalyst. The reaction was monitored by TLC and
electrospray ionization mass spectrometry (ESI-MS), and allowed to continue until
the starting material was fully consumed. Copper was removed using a
Quadrapure IDA resin, and the product was purified by liquid-liquid extraction,
followed by HPLC to give 22 in 45% yield. The Fmoc protecting group was then
removed using a 1:1 v/v mixture of DMF and piperidine. This was followed by
removal of the Boc protecting group using a 1:1 v/v mixture of DCM and TFA,

which was done immediately prior to labeling with **™Tc.
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Figure 5.4 Synthesis of 22 from 19.”

The **™T¢(l) complex of the chelate, 23a was prepared using a modified
literature procedure that is reported in Appendix I." Compound 22 was combined
with ®*™T¢[Tc(CO)s(OHz)s]* at 60 °C for 10 minutes. The labeling was monitored
by analytical HPLC, which showed nearly quantitative conversion (Figure 5.5 and
5.6) after 10 minutes. Compound 23a was isolated by HPLC, and was stable for

up to 6 hours at 37 °C in PBS (Figure S 5.5).

o)
o) NH, %™ T6(CO)g(H0)ql* OM_\ NH,
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=
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Figure 5.5 Synthesis of 23a from 22.
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Figure 5.6 HPLC traces of the reaction involving the treatment of 23a with

9MTc[Tc(CO)s(OHy)s]* (UV — top, Gamma — bottom). (Method 1, 1 mL/min).

Biodistribution studies of 23a were performed, and compared to that of
11b. Compound 23a was administered to female BALB/c mice (~0.74 MBq), and
animals were sacrificed 1 hour post injection. Organs and tissues were excised,
washed, and counted using a gamma counter. The %ID/g of each organ/tissue is
presented in Figure 5.7 below. Comparing the results of 11b and 23a, it was clear
that the triazole chelate of compound 23a had a more desirable clearance profile
than 11b, with maximum compound uptake in the kidneys being 5 times lower

than any organs seen with 11b at 1 hour post injection. This clearance profile is
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greatly improved for most tissues where 11b had uptake in some organs such as

the gall bladder that reached values as high as 340 %ID/g (Figure 5.7).
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Figure 5.7 Biodistribution of 11b (light bars) and 23a (dark bars). BALB/c mice
(n=3 per compound) were injected with approximately 0.74 MBq of 11 or 23a and
sacrificed 1 hour post injection. Data are expressed as the mean injected dose
per gram (%ID/g) + SEM. Organs and tissues containing <1% ID/g were excluded

from the graph.

Moving forward with these promising results, the next step was to develop
a synthetic method to couple the chelate to a tetrazine (Figure 5.9). This addition

was performed using a modified procedure, where a tetrazine-acid derivative was
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synthesized (compound 26) through an amide forming reaction between a
commercially available tetrazine amine and glutaric anhydride in dichloromethane
and triethylamine. The reaction was monitored by TLC and purified by column
chromatography, resulting in 26 in an 89% yield. Next, 26 was activated via an
NHS ester (compound 27) using NHS and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) in DMF, and purified by column
chromatography, resulting in an 85% yield (Figure 5.8).

Next, attempts were made to link the two components in the presence of
diisopropylethylamine.  Unfortunately, this reaction was unsuccessful when
performed under several reaction conditions in different solvents (Table 5.1).
Furthermore, additional coupling agents were explored including 2,3,5,6-
tetrafluorophenyl trifluoroacetate (TFP), benzotriazol-1-yl-
oxytripyrrolidinophosphonium  hexafluorophosphate (PyBOP), and 2-(1H-
benzotriazol-1-yl)-1,1,3,3 tetramethyluronium hexafluorophosphate (HBTU); all

failing to produce the desired tetrazine-functionalized triazole (Figure 5.9).
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Figure 5.8 Synthesis of compound 27.

NH, N=N OH

22

N -
)OJ\/\)OK/H\/Q/LN
o HN
O
=
HO)X\\/\(\N/\/\)Y

NH, N=N OH

Figure 5.9 Proposed amide coupling of 22 and 27.
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Table 5.1 List of reaction conditions of 22 with 27.

Coupling Agent Temp (°C) | Time (h) | Result
rt
N-Hydroxysuccinimide (NHS) 30 24
60
2,3,5,6-Tetrafluorophenyl trifluoroacetate rt 48
(TFP)
Benzotriazol-1-yl- rt 48 N.R.
oxytripyrrolidinophosphonium 30
hexafluorophosphate
(PyBOP)
2-(1H-Benzotriazol-1-yl)-1,1,3,3- rt 48

tetramethyluronium hexafluorophosphate
(HBTU)

In an attempt to test the reactivity of the a-amine of the lysine derivative, a

commercially available active ester, Boc-HYNIC-NHS, was combined with 23b

and diisopropylethylamine (Figure 5.10). Following the reaction by TLC and ESI-

MS, it was determined that the desired product formed after 18 hours, however

the yield was low (<13%). This suggests that the lysine can in fact couple to

active esters however the combination of the a-amine being a poor nucleophile,

and the poor reactivity of the tetrazine-NHS ester may be responsible for the

desired reaction between 22 and 27 failing to proceed.
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Figure 5.10 Attempted coupling of 23b with a commercially available active ester,

Boc-HYNIC-NHS.

5.3.3 Alternative synthesis of a triazole based chelate

To overcome the reactivity issues that prevented the reaction between 23b
and 27, attempts were made to prepare the modified triazole ligand, 30 (Figure
5.11). Here, the Fmoc-azidolysine was replaced with 3-azido-1-propanamine to
simplify the coupling reaction by removing the carboxylic acid adjacent to the
amino group. The CuAAC reaction and purification was performed under the
same conditions used to generate 22, producing 30 in 70% yield.! The reaction
between 27 and 30, to generate 31 was monitored by TLC and ESI-MS over 18

hours, where the desired product (31) was isolated by HPLC in 9% vyield.
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Figure 5.11 Synthesis of 31.

31 °N

Following purification, the Boc group in 31 was removed using a 1:1 v/v

solution of DCM and TFA at 60 °C for 10 minutes. Next, the deprotected ligand

was heated with **™T¢c[Tc(CO)s(OHyz)s]* at 60 °C for 15 minutes, resulting in 32,

which was isolated by HPLC in 15% radiochemical yield (Figure 5.12). The

decrease in labeling yields between 23a and 31 was somewhat surprising but is

likely due to the presence of the tetrazine moiety. The literature conditions used

for labeling the triazole chelate is performed at pH 7. However, at neutral pH with

heating, the tetrazine showed significant degradation. To minimize this, the

synthesis of 31 had to be performed at pH 5.5, which was suboptimal with respect

to the triazole. Notwithstanding, sufficient material could be produced for

biodistribution studies.
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Following the preparation of 32, biodistribution studies were conducted and
compared to 23a. The same procedure was followed, where female BALB/c mice
were administered 32 (0.74 MBq) and the animals sacrificed at 1 and 6 hours

post injection. The data for 23a and 32 is displayed as the %ID/g in Figure 5.13.

HO o o
O i = K
NN N NN N a) CHyCly, TFA
0 °N H H N
7< [ N b) %M Te[Te(CO)3(Ho0)s]*
N.
31 N 60 °C, 15 min, pH 5.5
o]
N o o
OH,N N ,NMNWN
\\@/ N H H N
Te-co )
o N‘N/)

32

Figure 5.12 **™Tc labeling of 31 to produce 32.
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Figure 5.13 Biodistribution of 23a (solid bars) and 32 (patterned bars). BALB/c

mice (n=3 per compound) were injected with approximately 0.74 MBq of 23a or

32 and sacrificed 1 and 6 hours post injection. Data is expressed as the mean

injected dose per gram (%ID/g) + SEM. Organs with less than 5 %ID/g were

excluded from the graph.

Comparing the biodistribution data for compounds 23a to 32, revealed that

the addition of the lipophilic tetrazine and linker altered the distribution of the

%MTc-triazole complex. Unfortunately, there was a significant increase in

hepatobiliary uptake, specifically in the gall bladder (8.25 + 1.28 %ID/g versus

251 + 13.2 %ID/g at 6 hours). This is not entirely surprising, as compound 23a
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had a free amine and carboxylic acid, adding significant hydrophilicity to the
compound. Based on this data, work was initiated on the synthesis of a polar
analog of 32 bearing the amino and carboxylic acid functional groups found in

23a, which is discussed in Chapter 7.

5.4 Conclusion

Biodistribution studies comparing a bifunctional triazole based chelate
versus the chelates used for the previously synthesized *™Tc(l)-tetrazines led to
the discovery that the **™Tc(l)-complex rather than the tetrazine was the main
driving force behind persistent off-target uptake. An alternate **™Tc(l)-chelate was
identified and shows promise by having an improved clearance profile compared
to the imidazole based tridentate chelate used previously. Unfortunately, the
addition of a tetrazine moiety for the purposes of pretargeting proved to be a
synthetic challenge. A simpler triazole ligand functionalized with a tetrazine was
prepared and evaluated in vivo, however without the additional polar functional
groups, which made the synthesis of the desired chelate complicated, the ligand
showed high hepatobiliary uptake similar to the previous generations of **™Tc-

tetrazines.
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Chapter 6: *™Tc-labeled tetrazines for the development

of multimodal imaging probes

6.1 In vivo biodistribution of radiolabeled acoustic protein

nanostructures?

Prior work to create *™Tc-labeled tetrazines resulted in a lead compound
that was used to successfully label a TCO-derived small molecule in vivo.
Unfortunately, the same approach was not effective for labeling TCO-derived
antibodies in vivo, but was effective in promoting efficient bioconjugation reactions
in solution. To this end, the chemistry reported in chapters 2 and 3 represent a
mild and high yielding approach to labeling molecules with **"Tc. To demonstrate
the broader utility of these **"Tc labeled tetrazines as a radiolabeling platform,
work was done to create multi-modal ultrasound (US)-SPECT probes. US
contrast agents have short half-lives in vivo and are susceptible to degradation
under normal labeling conditions, thus requiring rapid and highly selective
radiochemical methods. The successful development of an US-SPECT probe was
achieved, where the approach was described in section 6.1. This work received
the MILabs image of the year award and was presented at the Society of Nuclear
Medicine and Molecular Imaging (SNMMI) conference in 2018. Furthermore, this
work was published in the Journal of Molecular Imaging and Biology, under the

citation:

132



Ph.D. Thesis — H. Bilton; McMaster University — Chemistry and Chemical Biology

J. Le Floc’h, A. Zlitni, H. A. Bilton, M. Yin, A. Farhadi, N. R. Janzen, M.G. Shapiro,
J. F. Valliant, F. S. Foster, Mol Imaging Biol. 2018, 20(2);230-239
Reprinted with permission from Springer Link.

With respect to this particular citation, | was responsible for the
development and characterization of the tetrazine-chelate precursor, the Re-
standard, and the ®™Tc-labeled tetrazine derivative. Aimen Zlitni was responsible
for the development of the TCO-functionalized GVs, and the preparation of the
9MTc-labeled GVs. Melissa Yin was responsible for the preparation of the GVs,

and Johann Le’Floch was responsible for conducting all SPECT-CT imaging.

6.1.1 Introduction

Ultrasound (US) is one of the most widely available forms of imaging in
biomedicine."? Its low cost, real-time imaging, high spatial resolution, and
portability makes US a staple in hospitals around the world.>* An US image is
acquired by placing a transducer to the surface of the patient’s skin, which
transmits high frequency sound waves. These waves are then scattered or
reflected back to the probe when they encounter an interface between structures
with different densities (e.g. soft tissue and bone). These reflected waves are then
processed by the computer to determine the depth of the density interface,
determined by the time that the wave was returned to the probe, and the speed of

sound in tissue. Once calculated, the computer can display the image on the
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screen as a two-dimensional image. This image can be used to obtain anatomical

information, and aid in tracking needle biopsies.®

Although US has traditionally been used to obtain anatomical information,
the need for US to image biochemical processes within the body has led to the
development of US agents for contrast enhanced ultrasound (CEUS) imaging.
CEUS, with lipid- or protein-stabilized gas microbubbles, plays an important role
in patient care and is evolving as a fundamental screening tool in cardiology,
oncology and gynecology.* CEUS is used in a variety of clinical applications such
as detecting and characterizing focal liver lesions,® evaluating cerebral circulation
for stroke’, brain death diagnosis,® kidney,® liver and pancreas cancer prognosis,
and contrast echocardiography.'®'® The majority of these clinical applications are

based on perfusion imaging and utilize conventional “untargeted” microbubbles.

Considerable efforts have been directed toward the development of
targeted microbubbles to allow visualization of specific biomarkers of disease
using CEUS (i.e., molecular imaging). Unfortunately, after two decades of
investigation, there is only one example of molecular US imaging in the clinic, i.e.,

314 ovarian, and

targeted US imaging of kinase insert domain receptor in prostate,
breast cancer patients.’ The limited number of agents undergoing advanced
testing is due to both regulatory issues and limitations of existing microbubbles,

which are restricted to the vascular space due to their large size and limited in

vivo stability (seconds to minutes). Furthermore, other candidates including
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solid,"® liquid,"” hollow, or phase-change contrast agents have been investigated

and demonstrate weak echogenicity, 8"

and poor stability and require
cumbersome synthesis. To maximize the utility of targeted molecular US imaging,
there is a need to discover and fully characterize novel nanosized US imaging
agents with strong echogenicity, longer in vivo stability, and modifiable surfaces
to allow the agents to bind to a wide array of disease biomarkers.

A promising US contrast agent based on naturally occurring
nanostructures, called gas vesicles (GVs), has been reported.? The biological
function of the GVs is to provide buoyancy to a wide range of aqueous
haloarchaea and cyanobacteria. GVs have been studied for over 100 years,*
resulting in considerable knowledge of their biochemical and genetic structure.?’
GVs are gas-filled, protein-shelled nanostructures with typical widths of 45-250
nm and lengths of 100—600 nm that exclude water and are permeable to gas.?

Because of these properties, Shapiro et al. recently explored the potential
of GVs for contrast enhanced ultrasound imaging.? They showed that GVs exhibit
non-linear ultrasonic properties, which could be due to buckling,?® substantially
improve contrast in ultrasound images and have no adverse side effects in mice.
Due to their small volume, they have the potential to access extravascular targets
via the enhanced and permeable retention effect,®* a feature that can be further
enhanced through the ability to genetically engineer their protein shell.?> While the
in vitro and in vivo US properties of GVs have been characterized, it is crucial to

understand their pharmacokinetic properties and excretion route as the basis from
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which to create targeted constructs and fully exploit their potential as molecular
ultrasound contrast agents. Here, we report a mild and convenient methodology
to functionalize and radiolabel GVs and the first quantitative spatio-temporal
distribution study of radiolabeled GVs in mice using single photon emission

computed tomography (SPECT) and quantitative tissue counting.

6.1.2 Results

6.1.2.1 Radiolabeling

Most **™Tc labeling procedures require the use of reducing agents or
harsh conditions;?®*” consequently, an indirect approach to radiolabel GVs was
developed. The approach took advantage of the highly efficient and rapid
bioorthogonal reaction between trans-cyclooctene and tetrazine.?® First, excess of
(E)-cyclooct-4-enyl-2,5- dioxopyrrolidin-1-yl carbonate (TCO-NHS) was added to
GVs to react with the amine groups present on the GV shell. Any residual TCO-
NHS was removed by dialysis and TCO-GVs solution concentrated by centrifugal
flotation. This was then followed by the addition of a novel [**"Tc]Tz (compound 6
from chapter 2) which was recently reported.®® The [*"Tc]Tz was first
synthesized and isolated in a 45% radiochemical yield and 99% radiochemical
purity. The [**"Tc]Tz (140 MBq, 0.5 mL) was then added to a solution of TCO-
GVs (ODsponm = 40, 1 mL) and incubated for 30 min at room temperature (Figure

6.1). The *™Tc labeled GVs ([®™Tc]GVs) were then purified from any residual
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[**™Tc]Tz via a simple centrifugation and washing step. With mild centrifugation
(300 rcf, 5 min), the labeled GVs were easily isolated from residual [**"Tc]Tz and
formulated for injection. For quality control, a sample of the labeling mixture
before and after purification was taken, sonicated, and injected into an HPLC
system equipped with a size exclusion column and a gamma detector. The HPLC
gamma trace of the crude mixture showed two broad peaks. The first one
represents [*°™Tc]GVs (retention time = 2 min) while the second represents free
[**™Tc]Tz (6, retention time = 6 min) (Figure S 6.1a). Following purification, the
gamma trace only exhibited one peak representing [*°™Tc]GVs. The desired
product was isolated in 59% radiochemical yield with >99% radiochemical purity
(Figure S 6.1Db).

The stability study revealed that, after incubation of the [**™Tc]GVs in
plasma at 37 °C for 120 min, there was little to no loss of the [**™Tc]Tz from the
surface of the GVs (Table S 6.1). In addition, 31% of GVs after 60 min are still
intact, while the rest had either collapsed or had non-specific binding to plasma
components (Table S 6.2). The activity seen in the plasma layer is likely
collapsed GVs rather than the release of the [*™Tc]Tz based on the radioTLC
data (Figure S 6.2). This is consistent with the covalent nature of the bond

between the components, which is known to be stable in vivo.
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Figure 6.1 Radiolabeling methodology and processes. A) Synthesis of [*"Tc]Tz
complex 6. (1) PyBOP, DIPEA, DMF, ((4- tetrazine-3-yl)phenyl)methanamine
hydrochloride, rt., 12 h (2) (i) *™Tc[Tc(CO)s(OHz)s]*, MeOH, saline, 60 °C (MW),
20 min. (ii) TFA, DCM, 60 °C (MW), 6 min. B) Representation of the chemistry
used to prepare TCO conjugated GVs. TCO-GVs were purified by dialysis and
concentrated to an optical density (ODsoonm) Of 40. C) Chemistry used to label
TCO-GVs with compound 6. [*°™Tc]Tz (6) was added to TCO-GVs in PBS for 30

min and the [**™Tc]GVs purified by centrifugal flotation.

6.1.2.2 Biodistribution: Ex Vivo Tissue Counting and SPECT

The distribution of [*™Tc]GVs was evaluated by ex vivo tissue counting
following necropsy and dynamic SPECT/CT imaging. The tissue counting studies
revealed, 5 min post [**™Tc]GV injection, more than 5 % ID/g uptake in the gall
bladder, liver, lungs, spleen, and bladder/urine while all other mouse organs or
fluids typically exhibited less than 2% ID/g uptake (Figure 6.2a). A small amount
of [**™Tc]GVs was detected in the blood 5 min following injection which eventually
decreased to 0.5 % ID/ g after 2 h. Uptake at sites that showed early and high
localization remained high throughout the duration of the study. The
biodistribution of [**"Tc]Tz alone also showed high gall bladder and small
intestine concentrations, but there was significantly less activity in the liver,

spleen, and lungs (particularly at later time points). It also showed faster blood
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clearance compared to [*"Tc]GVs (Figure 6.2b).
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Figure 6.2 Quantitative ex vivo tissue counting biodistribution data for [**Tc]GVs
and [*™Tc]Tz (6). Groups of mice (n = 3/ time point) were euthanized at 5, 20, 60,
and 120 min ([*®*™Tc]GVs) or at 30, 60, 240, and 360 min ([**"Tc]Tz). Tissues and
fluids were then collected and activity counted. A) The uptake of [*™Tc]GVs was
mainly found in the gall bladder, liver, lungs, small intestine, spleen, and bladder.
B) In contrast, [**"Tc]Tz was mainly found in the gall bladder, small intestine,
large intestine and cecum, and bladder. Data are reported in % injected dose

(ID)/g + SEM.

In Figure 6.3, the 3D maximum intensity projections (MIP) of the in vivo
dynamic SPECT data showed the spatial extent and signal intensity variations in
the volume occupied by [*™Tc]GVs in mouse organs at time points corresponding
to those of the tissue counting studies. There was no large spatial variation in
signal intensities observed 2 h following [**"Tc]GVs injection; therefore, the
spatial uptake of [**™Tc]GVs in a given organ was relatively uniform. Overall, 3D

MIP findings correlated with the ex vivo tissue counting biodistribution findings.
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120 min

Figure 6.3 Maximum intensity projection (MIP) of SPECT images following
[**™Tc]GVs injection. Rapid uptake of [**"Tc]GVs is shown in the lungs (white
stars, Lg), gall bladder (GB) and liver (L), followed by duodenum (D) and small

intestines over time.

Likewise, ex vivo tissue counting and in vivo SPECT quantitative
biodistributions were also in good overall agreement at the studied time points
(Figure 6.4), notably the reticuloendothelial system (RES) uptake (lungs, liver,
spleen), the increase localization over time in the duodenum/small intestine, and

the relatively short lived presence of GVs in the blood.
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Figure 6.4 Ex vivo tissue counting and SPECT biodistribution. A) Comparison of
both biodistribution data reporting the uptake of [**™Tc]GVs in major organ/tissues
20 min following injection. B) [*™Tc]GVs uptake in the duodenum (SPECT) and
small intestine (ex vivo tissue counting) showing a similar increase at
corresponding time points (4 time points, n = 3 per time point). Each SPECT
reported values were calculated using the segmentation results multiplied by the
volume of the corresponding segmented organ. Data are reported in %ID/organ +
SEM (Ex vivo counting data is not normalized for weight, 4 time points, n = 3 per

time point, SPECT n = 23, 55, 31, and 8 at 5, 20, 60, and 120 min, respectively).

In Fig. 6.5, 3D segmentation rendering of the mouse organs allowed the
calculation of the volume occupied by [*™Tc]GVs in each organ (Table S 6.3).
The volumes of these organs derived from the segmentation are similar to these
found in healthy mice in the literature, e.g., the liver and the gall bladder

volumes.®**! The in vivo dynamic uptake of [**"Tc]GVs in segmented organs is
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reported in Figure 6.5b. The overall uptake of native versus collapsed [**™Tc]GVs
by organs was similar. In addition, the change in the amount of activity and
volume injected in mice did not alter the overall biodistribution of [**™Tc]GVs in
mouse organs and all SPECT data was therefore pooled together. Based on this
data, [**"Tc]GVs were rapidly taken up by the liver, spleen, and lungs, reaching a
plateau within 10 min. In contrast, the uptake of [**™Tc]GVs in the gall bladder
peaked 20 min following injection and then significantly decreased for 30 min (p =
0.001748). The liver showed a peak value of 32 + 3 % ID/cm?® at 8 + 2 min (Figure
6.5b). In contrast, [**"Tc]GVs had a slow uptake in the duodenum for the first 20
min, but the uptake increased over time (Figure 6.5b). [**"Tc]GV uptake, reported
as an average between 10 and 120 min in % ID/cm® + SD, was consistently
observed in the liver (30 + 2), spleen (4 + 1), lungs (11 = 1), gall bladder (76 +
24), as well as in the duodenum and small intestine (21 + 7), and bladder (8 + 4).
The averaged uptake rate constant of the gall bladder was 2-, 4-, and 9-fold faster
than the uptake rate constants of the liver, the lungs, and the spleen, respectively

(Table S 6.4).
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Figure 6.5 MIP, 3D segmentation, and time activity curves (TACs) of segmented
organs. A) MIP of SPECT data and associated 3D segmentation of individual
organs at 120 min (lungs in green (Lg), liver in brown (L), gall bladder (GB) in light
orange, spleen (S) in yellow, duodenum in light blue (D), and bladder in light
brown (B)). B) TACs showed the uptake of [*™Tc]GVs in segmented organs.
TACs are reported in percent injected dose per volume of tissue (%ID/cm?) by
averaging together data acquired within a time periods of 10 min to yield the
mean and associated standard error of the mean (SEM). The inset shows the
number of observations (n) for each time point. Significant statistical differences
are only shown for the gall bladder and duodenum for each data point between 10

and 60 min (*p <0.05, **p <0.01, ****p < 0.0001).
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6.1.2.3 Fluorescence Imaging

To confirm and better understand the spatial distribution of GVs at the
microscopic level in liver and spleen tissues, fluorescence imaging on histology
was performed. GVs were successfully tagged with Alexa-488 fluorophore
(Alexa488-GVs) and were allowed to circulate long enough to distribute in all
mouse organs including in the small intestines. Native GVs did not exhibit any
fluorescent signals in the liver or in spleen tissues. In contrast, there was a

marked and consistent fluorescent signal from Alexa488-GVs in the liver and

spleen tissues (Figure 6.6).

Figure 6.6 Fluorescence imaging of the liver and spleen tissues. Native GVs in A)
the liver and in C) the spleen tissues showing only autofluorescence. Alexa 488

fluorophore tagged GVs in B) the liver and D) spleen tissues showing an increase
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green signal intensity. White arrows show clustering of Alexa488-GVs in both
tissues. Scale bar is 100 ym (a—c) and 50 ym (d). Magnification: x 20 (a, ¢) and x

10 (b, d).

6.1.3 Discussion

This study is the first to report the radiolabeling and biodistribution of GVs
using both ex vivo tissue counting and SPECT imaging in mice. The labeling was
performed using bioorthogonal chemistry between TCO-functionalized GVs and a
%MT¢ labeled tetrazine. The indirect approach avoided degradation of the GVs
and non-specific labeling that could occur when using conditions typically
employed during direct technetium labeling procedures. With this method,
[**™Tc]GVs were produced in a good radiochemical yield and high purity where
the radiolabel-GV conjugate demonstrated high stability in plasma.

Twenty minutes following administration, the biodistribution and imaging
studies of the labeled GVs in organs revealed that the reticuloendothelial system
(RES) absorbed 84% of native and collapsed [**"Tc]GVs with the biliary system
and small intestine assimilating the majority of the remaining material (13%).
Almost no [*™Tc]GVs remained in the blood 2 min after their injection, and they
were more rapidly taken up by the gall bladder than the liver. Fluorescence

imaging of the liver and spleen tissues further confirmed these findings.
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6.1.3.1 RES Uptake

The uptake of radiolabeled GVs in non-target tissues is not surprisingly
due to resident mature macrophages located close to the vessel walls,*
removing [*™Tc]GVs from blood circulation rapidly. Furthermore, uptake and
retention in the liver, spleen, and lungs is likely from Kupffer, red pulp
macrophages, and reticular cells, respectively, present in these tissues. Given the
nanometer size, lemon shape, negatively charged surface (- 49 mV) of the
Halobacterium salinarum GVs, and their low dispersibility/hydrophobicity,? their
rapid uptake by the RES was similar to other types of nanoparticles.®*** Indeed,
intact and degraded [**™Tc]GV accumulation and saturation in the liver are likely
due to their size since the liver sieve, i.e., the existence of vascular fenestrations
measuring 50-100 nm along the liver margin,® would potentially facilitate non-
specific uptake of individual radiolabeled GVs and degraded products. Likewise,
[**™Tc]GVs and degraded products were hardly taken up by the kidneys since
only smaller-sized nanoparticles with diameters below 5 nm are filtered by the
renal system when delivered intravenously.®® Furthermore, the lemon shape and
ability to change shape of the [**™Tc]GVs, during gas exchange, could also be
factors playing a role in biodistribution and, especially, in their spatial distribution
in a given organ since Black et al. showed that differences in shape of
radiolabeled gold nanoparticles clearly influenced their uptake and spatial

distribution not only in tumors but also in the liver.?”
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6.1.3.2 Gall Bladder and Intestine Uptake

Interestingly, uptake within the biliary system and intestines accounted for
13% of [**™Tc]GVs 20 min following administration. Of these organs, uptake in the
gall bladder and duodenum was seen immediately, with an increase in uptake in
these organs up to 20 min post injection. Thereafter, uptake was observed in the
rest of the small intestine. Since no [*™Tc]GVs were observed in the stomach,
these results suggest that radiolabeled GVs were captured by the hepatocytes in
the liver, then secreted through the hepatic ducts and stored into the gall bladder.
Assuming the endocytosis of [**™Tc]GVs or [*™Tc]GV fragments by hepatocytes,
it is likely that radiolabeled GVs start degrading due to protease digestion in the
liver. Likewise, the two times faster rate of uptake of [**"Tc]GVs in the gall
bladder would suggest some intact GVs reaching the gall bladder, followed by a
similar degradation pathway of [**™Tc]GV population to that in the liver.

When the bile is secreted, further degraded radiolabeled GVs were likely
subsequently released from the gall bladder to the duodenum through the
common bile duct that joins the common hepatic duct and connects to the
duodenum. Hence, the distribution in the gall bladder and small intestine is
therefore likely explained by the size of individual radiolabeled GVs and/or cluster
of radiolabeled GVs and of the presence of fragmented [**"Tc]GVs that are all

compounds too large to be cleared by the kidneys.*°
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6.1.3.3 GVs as Potential Ultrasound Contrast Agent

The biodistribution studies showed a relatively short-lived presence of GVs
in the blood. This limits the utility of native GVs for tumor imaging, as GVs will
likely not circulate long enough to extravasate into target tissues. Ongoing
research efforts are focused on investigating the impact of shell alterations of
native GVs on their biodistribution as well as the effect of PEGylation of native
and modified GVs on their pharmacokinetic properties. In addition, a better
understanding of the integrity and degradation of radiolabeled GVs, in particular
those with surface modifications to prolong circulation, will also need to be further
investigated. Notably, no acute toxicity or adverse effects in mice were observed
in our study where up to five times higher concentrations were used than in
previous studies.? However, more extensive toxicity studies on the optimal

construct once developed will be needed prior to translation.

6.1.4 Conclusion

A convenient method for radiolabeling GVs with **™Tc along with the first
quantitative biodistribution study of [**"Tc]GVs was reported. Results in healthy
mice showed, not unexpectedly, a rapid uptake of radiolabeled GVs by the RES,
providing a baseline for enhancing the in vivo properties of this novel class of
ultrasound contrast agents. The reported labeling strategy conveniently offers the
means to assess the impact of ongoing efforts associated with adding different

pharmacokinetic modifiers and targeting molecules.
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6.1.5 Experimental

6.1.5.1 Gas Vesicle Preparation

GV culturing, isolation and purification were carried out as previously
described.>®® In brief, Halobacteria sp. NCR-1 (Carolina Biological Supply,
Burlington, NC) were cultured in high salt Carolina media, at 42 °C, in an
incubation shaker at 100 revolution per minutes (rpm) (Ecotron, Infors AG,
Switzerland). GVs were then isolated using TMC lysis buffer and purified through
multiple rounds (5 to 6) of centrifugation at 300 rcf with the centrifuge maintained

at 4°C.

6.1.5.2 Radiolabeling of GVs with Technetium-99m

The ®™Tc labeled tetrazine ([**"Tc]Tz), compound 6 (Figure 6.1a), was
prepared following literature methods in good radiochemical yield and high purity
(Figure S 6.1a, b).?*% Trans-cyclooctene (TCO)-conjugated GVs (TCO-GVs)
were prepared by adding (E)-cyclooct- 4-enyl-2,5-dioxopyrrolidin-1-yl carbonate
(TCO-NHS) (855.1 ug, 3.2 umol; Click Chemistry Tools, 1016-100) in dimethyl
sulfoxide (DMSO, 197.3 pL) to a solution of GVs (ODsponm = 55.2, 1.8 mL) in PBS
at pH 8. The solution was left to mix on a shaker for 2.5 h and the desired TCO-
GVs purified by dialysis using 6-8 kD dialysis membrane submerged in PBS
overnight (Spectra/Por 1 Dialysis Membrane, Spectrum Labs, USA). The TCO-
GVs were then concentrated using centrifugal flotation at 300 rcf for 15 min

(Figure 6.1b). Compound 6 (29 MBq, 100 pL) was then added to a solution of
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TCO-GVs (ODsgonm = 50, 400 pL) at room temperature and left shaking for 30
min. *™Tc labeled GVs ([**™Tc]GVs) were then washed with PBS and purified
from any residual 6 using a single round of centrifugal flotation (Figure 6.1c). To
assess the purity, a sample of the mixture was taken before and after purification,
sonicated and injected into a HiTrap size-exclusion cartridge attached to a high-
performance liquid chromatography (HPLC) fitted with a gamma detector. The
column was eluted with 100 mM ammonium bicarbonate in water at 1 mL/min

flow rate (isocratic elution 0—8 min 100 %).

6.1.5.3. Stability Study in Plasma

To determine the stability of [**™Tc]GVs in plasma, samples were prepared
following the procedures described above. To assess the purity, a sample of the
mixture was taken and spotted on an iTLC-SG glass microfiber chromatography
paper (Agilent Technologies, SGI0O001) plate and run with a mobile phase of 75 %
MeOH, 25 % H20, and visualized on a Bioscan AR-2000 Imaging Scanner. The
purified [**"Tc]GVs (3.4 MBq, 100 L) was then added to mouse plasma (900 pL)
and incubated on a shaker for 120 min at 37 °C. Samples were taken at 2, 5, 10,
20, 60, and 120 min and analyzed for purity by RadioTLC (Figure S 6.2). At 60
and 120 min, 450 uL samples were taken, and the GV layer was separated from
the plasma by centrifugal flotation (400 rcf, 10 min). The activity in the plasma

and GV layers was measured using a dose calibrator.
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6.1.5.4 Biodistribution Studies
All experimental procedures were approved by the Animal Care

Committees at Sunnybrook Research Institute and McMaster University.

6.1.5.5 Quantitative Tissue Counting

Studies were performed on healthy female, 5-6-week-old CD1 mice
(Charles River Laboratory, Kingston, NY). Mice were injected intravenously (i.v.)
with 0.7 MBq of [**™Tc]Tz as a control or with 0.4 MBq of [**™Tc]GVs via the tail
vein. Mice were anesthetized with 3 % isoflurane and euthanized by cervical
dislocation at 30, 60, 240, and 360 min for the control, while the [*™Tc]GVs
studies were performed at 5, 20, 60, and 120 min post-injection (n = 3 per time
point). Blood, adipose, bone, brain, gall bladder, heart, kidneys, large intestine
and cecum (with contents), liver, lungs, lymph nodes (axillary and brachial),
pancreas, skeletal muscle, small intestine (with contents), spleen, stomach (with
contents), thyroid/trachea, and bladder with urine and tail were collected,
weighed, and counted in an automated gamma counter (PerkinElmer Wallac
Wizard 1470 gamma counter, PerkinElmer, Waltham, USA). Decay correction
was used to normalize organ activity measurements to time of dose preparation
for data calculations with respect to the injected dose (reported as % injected

dose (ID) per gram and % ID per organ).
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6.1.5.6 SPECT/CT Imaging

Studies were performed following i.v. injection of intact or collapsed
[**™Tc]GVs at a constant flow rate of 500 uL/min (New Era Pump Systems, NE-
1000, NY,USA) via the tail vein of healthy CD1 or SHO mice (Charles River
Laboratory, 4—6 weeks of age, n = 6). Mice were anesthetized with isoflurane (2—
2.5 % maintenance, Univentor 410, Univentor Ltd., Malta) and prepared for the
GV injection. Collapsed GVs were obtained by reaching the collapse pressure
inside a syringe (by capping the nozzle and pushing the piston). Once collapsed,
GVs lose their ultrasonic contrast properties and cannot be investigated with
ultrasound. Following catheterization, mice were placed in prone position on the
mouse bed, which maintained its body temperature at 37 °C. The amount of
activity injected ranged from 2.2 to 20.5 MBq. The volume injected ranged from
80 to 330 pL, and the concentration ranged from 18 to 33 ODsoonm. SPECT
imaging was performed during and immediately after GV injection.

Fast dynamic whole body scans were performed on a SPECT imaging
system (VECTor+, MiLabs, Utrecht, The Netherlands) using a high-energy
collimator (HE-UHR-RM, MILabs) with 156 clustered multi-pinholes collimator of
1.8 mm. An image was acquired prior to [*"Tc]GVs injection. Following activity
measurement in the syringe with a dose calibrator (Capintec Inc., NJ, USA),
subsequent images were then collected by running the same acquisition with a
scan time ranging from 33 to 84 s and for up to 120 min during and after injection

of [*™Tc]GVs. For calibration of SPECT images, a 1-mL syringe filled with a
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solution of known activity of [**"Tc]GVs in PBS (measured by the dose calibrator
for each experiment) was scanned using the same collimator after the animal
experiment. To obtain anatomical details, anesthetized mice were then scanned
using an in vivo X-ray microtomography system (SkyScan 1176, Bruker Corp.,
Kontich, Belgium) at 35 um pixel resolution and 360° scanning with a rotation
step of 1.4° per image, 66 ms exposition time, 1 mm aluminum filter, 65 kV, and

385 pA.

6.1.5.7 SPECT/CT Data Processing and Statistical Analysis

All SPECT images were reconstructed using the pixel-based maximum
likelihood expectation maximization (POSEM, VECTor+ software, MILabs, The
Netherlands) algorithm using 16 subsets, 15 iterations, and a small voxel size of
0.512 mm?®.%**° During reconstruction, correction for scattering is performed using
a triple-energy window method *', i.e., ®*™Tc energy window with the photopeak
window centered at the peak of the data set (142 keV), with a width set to 20 %,
together with the left and right background windows centered at 125 and 159 keV,
with a width set to 4.5 and 3.6 %, respectively. After reconstruction, the images
were corrected for decay using the half-life of *™Tc (6.02 h), attenuation
correction was applied, and quantified SPECT images were obtained by using a
calibration factor.***® Images were then processed using a semi-automatic
segmentation based on the local mean analysis and 3D rendering tools in PMOD

(PMOD Technologies LLC, v3.7, Zurich, Switzerland). Briefly, the segmentation
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method first separates the mouse body from the background noise using a
histogram-based algorithm. Secondly, the local mean time activity curve (TAC)
and background noise are computed in the vicinities of selected points within
mouse organs. Finally, the image is segmented into regions, which are merged
according to their TACs in a hierarchical manner.** The resulting segmentation
was checked slice by slice for imperfections, and any corrections including
erosion, dilation, and/or deletion of voxels were made using PMOD morphological
operations. TACs were generated according to individual segmented organs and
are reported by averaging together data acquired within a time period of 10 min to
yield the mean and associated standard error of the mean.

CT images were reconstructed using an implementation of the Feldkamp
cone-beam algorithm and beam hardening, and ring artifacts were corrected in
Nrecon (Bruker Corp.).* The registration of CT and SPECT images and the
movies were generated using PMOD Fusion tools (PMOD Technologies LLC).

Statistical analyses were performed using NCSS 11 (NCSS, LLC.
Kaysville, UT, USA). All data are expressed as mean + SEM where n is the
number of observations in the dynamic in vivo SPECT biodistribution study. The
reported standardized uptake values (%ID/cm?®) for each tissue were analyzed
over the time period studied using two-sample test followed by a Mann-Whitney U
test and a Kolmogorov-Smirnov test. An alpha error level of 5 % was used for the

tests.
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6.1.5.8 Fluorescence Imaging from Histology

GVs were labeled with a fluorophore (Alexa- 488, Sigma, USA) using
standard amino-N-hydroxysuccinimide crosslinking.?> Two healthy mice were
injected i.v. with either Alexa-488 tagged GVs or native GVs (control) (ODsoonm =
20, 130 uL) and euthanized 20 min following injection. The liver and spleen were
collected, embedded in optimal cutting temperature compound, and snap frozen
in nitrogen, then stored in a — 80 °C freezer. Subsequently, the liver and spleen
tissues were sectioned (4-5 um, Cryostat, LEICA CM 3050 S, USA). Slides were
then observed using an Olympus microscope (Olympus VS120 Virtual Slide
Microscope, VS120-L100-W, ON, Canada) with identical acquisition parameters.
Images were stored in the proprietary format and, later, visualized on a personal
computer using OlyVIA (OLYMPUS OlyVIA 2.9). For each liver and spleen, up to

three sections were observed.

6.2 The development of a nanoscale multimodal ultrasound-

photoacoustic dual imaging agent $

¥ This work was done in collaboration with Samantha Slikboer. | was responsible
for the synthesis of the TCO-GVs, preparation, optimization and purification of the
IR-GVs. Samantha Slikboer was responsible for the synthesis and

characterization of the nearlR-tetrazine dye precursor, and conducting the US/PA
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imaging experiments. Yohannes Soenjaya was responsible for the isolation and

purification of the GVs, and preliminary PA/US imaging.

6.2.1 Introduction

The benefits of using CEUS imaging agents for non-invasive detection of
cancer and other diseases has previously been discussed.*® Although US
contrast agents can be used to better differentiate disease from surrounding
tissue,”” dual-modality imaging agents can be used to provide complementary
information such as the ability to obtain structural and functional images
simultaneously.

Photoacoustic (PA) imaging is a method that takes advantage of both the
high contrast of optical imaging, and the high resolution and depth of penetration
of ultrasound through the application of the photoacoustic effect.”® PA imaging
works by sending high intensity, short-pulsed lasers with pulse widths of several
nanoseconds to the area of interest. These lasers cause local heat deposition
resulting in thermoelastic expansion. This thermoelastic expansion causes the
emission of acoustic waves that are then detected by the transducer (Figure 6.7).
PA imaging provides high-resolution (~100 ym)*® images and greater penetration
depth than other optical imaging modalities and therefore has the potential to be

used in a clinical setting.
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Figure 6.7 Schematic of ultrasound and photoacoustic imaging systems.

PA and US are complementary imaging modalities, as they both utilize
sound waves for detection. This means that PA probes can easily be integrated
into existing US machines. PA imaging can further complement US contrast
agents, as healthy tissues have very low acoustic scattering with PA.
Furthermore, the PA signal from certain classes of contrast agents can easily be
differentiated from the innate PA signal from oxy and deoxy-hemoglobin, resulting

in very low background. The use of a multimodal-imaging agent can provide a
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more comprehensive characterization of tissues than US alone, and can aid in
anatomical referencing during PA image reconstruction.*®>°

Despite the potential advantages, few dual modality US-PA contrast
agents have been developed. For the few that have been reported, most involve
simple encapsulation of a PA agent, or require integration of the PA contrast
agent into the shell of the US agent.*®*'"*® Furthermore, majority of these agents
are micron sized particles, limiting them to the vasculature. Herein we describe a
simple synthesis of a US-PA contrast-imaging agent through the surface

functionalization of nanoscale gas vesicles (GVs) with a tetrazine-functionalized

IR-783 PA dye (IR-Tz2).

6.2.2 Results and Discussion

6.2.2.1 Functionalization of TCO-GVs with a tetrazine-nearlR dye
derivative

Building off of the TCO-GV platform developed in section 6.1.2.1,*** TCO-
GVs were functionalized with an |IR-783-tetrazine PA dye (IR-Tz) to prepare a
multimodal US/PA imaging agent. The TCO-GVs (ODsoonm = 40, 300 pL) were
combined with the IR-Tz (1.5 mg, 1.4 ymol) and gently shaken for 30 min to
produce an IR-GV conjugate that was purified through two rounds of centrifugal

floatation (300 rcf, 1 hour).
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Figure 6.8 Synthesis of IR-GVs.

To confirm the conjugation of the IR-Tz to the TCO-GV surface, the
absorption spectra of TCO-GVs, IR-Tz, and IR-GVs were measured from 260-
1060 nm on a Tecan-96 well plate reader (Figure 6.9). The spectrum of IR-Tz
shows two maxima centered at 670 and 780 nm. These same maxima were seen
in the spectrum of the IR-GV derivative, which is consistent with coupling of the
dye-tetrazine to the TCO-GV surface. Note that the absorbance values for the IR-
GVs are lower than those of IR-Tz due to a concentration difference of IR-Tz in
solution vs. on the GV surface. To further explain, TCO-GVs were incubated in a
450 uM solution of IR-Tz, however upon purification, the unbound IR-Tz was

removed, thus lowering the concentration of IR-Tz in the sample considerably.
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The visible color change between TCO-GVs and IR-GVs is a further indication

that the reaction between the dye-tetrazine and the TCO-GV was successful.
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Figure 6.9 Absorbance spectra of IR-Tz (green), TCO-GV (red), and IR-GV (blue)

in PBS.

6.2.2.2 Loading and stability studies of IR-GVs

The PA spectra of TCO-GVs and IR-GVs were compared in a gel phantom
before and after setting the US B-mode 2-D power to 100% at 100 dB to “pop” the
GVs (Figure 6.10). A large drop in PA signal was observed for both GV
constructs, indicative of the dye-GVs being “popped”. One explanation for this
drop in PA signal is due to self-quenching of the IR dye. It has been shown in
literature that cyanine dyes have the ability to self-quench when in close proximity

to one another.>*® Thus, when the IR-GVs are popped, the IR-dye on the GV
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surface can more easily interact resulting in a drop in PA signal. However,
confirmation of the exact mechanism of this PA signal decrease will require
additional work. Notwithstanding, the change in PA signal offers a convenient way

to determine the lifetime of dye-conjugated GVs.
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Figure 6.10 Photoacoustic average threshold. Intact TCO-GVs (blue), popped

TCO-GVs (purple), intact IR-GVs (red), and popped IR-GVs (orange).

To determine the maximum loading capacity of the IR-Tz on the TCO-GVs,
increasing amounts of IR-Tz were added to TCO-GVs, the suspensions allowed
to shake for 30 min at 4°C, followed by centrifugation for 1 hour at 300 rpm. The
supernatant was collected and both the absorbance and PA signal was measured
to determine if excess dye was present. Comparing the absorbance and PA
signal of each series of IR-GV reactions, it was clear that the dye is still present in
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all samples containing >0.125 mg of IR-Tz (Figure 6.11 and 6.12). With a loading
capacity of 0.125 mg, this equates to approximately 114 nmol of dye

functionalized to the GV surface (300 yL, 30 OD).

Average Abs (A.U.)

500 550 600 650 700 750 800 850 900 950
Wavelength (nm)

Figure 6.11 Average absorbance (n=3) vs. wavelength for the loading study, with

increasing amounts of IR-Tz added to 30 OD of TCO-GVs.
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Figure 6.12 PA average signal of loading study samples, with increasing

amounts of IR-Tz added to 30 OD of TCO-GVs.

6.2.2.3 Imaging of IR-GVs in mouse blood

To assess the feasibility of the IR-GV construct as a multi-modal imaging
agent in vivo, un-mixing of the PA signal from whole blood was performed (Figure
6.13). It is well known that both oxy and deoxy-hemoglobin give a strong
endogenous PA signal that can interfere with contrast agents.®” In Figure 6.13,
the signal of IR-GVs is shown in green, which could be unmixed from blood
(shown in red) at both 15 and 30 OD, confirming the feasibility of the IR-GVs to be

used as a multimodal-imaging agent in vivo.
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Figure 6.13 Unmixing of IR-GVs at various concentrations from whole blood.

(green = IR-GVs, red = oxy hemoglobin, blue = deoxy hemoglobin). From left to

right: 30 OD, 15 OD, blood alone, 3 OD, 0.3 OD.

6.2.3 Conclusion and Future Work

In conclusion, a dual modality US-PA imaging agent was prepared using
TCO-functionalized GVs and a novel IR-dye-tetrazine. The imaging agent was
prepared using robust synthesis and purification methods where loading
experiments indicated 114 nmol of dye-tetrazine was present on the surface of 30
OD TCO-GVs. At this concentration, the PA signal from the IR-GVs can easily be
detected in both gel phantoms and blood. Furthermore, the IR-GV signal can be
unmixed from oxy and deoxy-hemoglobin in the blood. Further work is required to
demonstrate the ability of the IR-GVs to be implemented as a US/PA imaging

agent in tumour bearing mice.
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6.2.4 General Methods

All starting materials were purchased from Sigma Aldrich, unless otherwise
stated. (E)-Cyclooct-4-enyl-2,5-diocopyrrolidin-1-yl carbonate (TCO-NHS) and 4-
(1,2,4,5-tetrazin-3-yl)phenyl)methanamine hydrochloride (Tz) were purchased
from Conju-Probe (San Diego, CA). Blood studies were performed using healthy
female, BALB/c mice (Charles River Laboratory, Kingston, NY). Photoacoustic
imaging was performed using Vevo LAZR-X (FUJIFILM VisualSonics Inc.,
Toronto, ON, Canada) imaging system equipped with a 680-970 nm laser. A 30-
MHz, linear array ultrasound transducer with integrated fiber optic light delivery
(LZ-400 and MX-400, FUJIFILM VisualSonics, Inc.) was used. The integrated

fiber bundle delivered 15 to 20 mJ/cm? of light.

6.2.5 Experimental

6.2.5.1 Synthesis of IR-GVs

Gas vesicle culturing, isolation and purification methods were repeated in
the same manner described previously.? Halobacteria sp. NCR-1 (Carolina
Biological Supply, Burlington, NC) were cultured in high salt Carolina media at 42
°C in a shaking incubator at 100 rpm (Ecotron, Infors AG, Switzerland). GVs were
isolated by TMC lysis buffer and purified by centrifugal floatation (5 to 6 rounds) at

300 rcf in a centrifuge maintained at 4 °C.
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Trans-cyclooctene (TCO)-conjugated GVs (TCO-GVs) were prepared as
previously described.*® (E)-cyclooct-4-enyl-2,5-diocopyrrolidin-1-yl  carbonate
(TCO-NHS) (750 ug, 2.8 umol) in dimethyl sulfoxide (DMSO, 100 yL) was added
to a solution of GVs (ODsgonm = 77.2, 300 pL) in PBS and diluted with 477 uL of DI
water. The solution was left on a shaker for 2.5 h in a cold room. The final TCO-
GVs were purified by dialysis using a 6-8 kD dialysis membrane submerged in DI
water overnight in a cold room (Spectra/Por 1 Dialysis Membrane, Spectrum
Labs, USA). The TCO-GVs were then concentrated by centrifugal floatation at
300 rcf for 45 minutes. TCO-GVs®® (ODsgonm = 40, 300 pL) were added to a
solution of IR-Tz in 100 yL DMSO (1.5 mg, 1.4 umol) and left shaking in a cold
room for 30 min (Figure 5.8). The IR-GVs were then washed with cold PBS and
purified from any residual TCO-GVs using two rounds of centrifugal floatation at

300 rcf for 1 h, until the bottom PBS layer was colourless.

6.2.5.2 Photoacoustic Imaging Studies

Phantom imaging studies were performed in a Vevo PHANTOM (FUJIFILM
VisualSonics Inc., Toronto, ON, Canada). Samples were loaded using a 27 gauge
needle into the provided tubing. B-mode 2-D power was set to 1% to prevent
popping GVs while imaging. To intentionally “pop” GVs, the 2-D power was set to

100% and the dynamic range was increased to 100 dB.
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Gel phantoms were prepared using agarose (3 g) dissolved in 1x PBS (100
mL) then heated to boiling and set in a gel mould with tubing to create voids to
load the sample. Using a syringe, samples were injected into voids made in the

gel and imaged in the presence of ultrasound gel.

6.2.5.3 Blood Studies

Studies were performed in whole mouse blood treated with 10% EDTA to
prevent clotting. To the blood (50 L), IR-GVs (50 pL) at varying optical densities
(30, 15, 3, and 0.3 OD) were added and mixed. Samples were loaded into the
Vevo PHANTOM, and PA images were obtained of the IR-GV samples in blood,
and blood alone. Unmixing of PA signal from the IR-Tz and blood was performed

by the Vevo LAZR-X at a predetermined wavelength.
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6.4 Supplemental Information
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Figure S6.1 Size exclusion HPLC chromatograms (gamma detection). A)
Chromatogram of the reaction mixture containing both [*™Tc]GVs and free

[**™Tc]Tz (6). B) Purified [**"Tc]GVs showing no residual [**™Tc]Tz.
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Figure S6.2 Radio-TLC analysis of [**"Tc]Tz (Top-left). Radio-TLC analysis of
[*™Tc]GVs incubated at 37 °C in plasma at the indicated time points. Radio-TLC

was eluted with 75% methanol and 25% water.

Table S6.1 Stability in plasma. Table reports the stability of [**™Tc]GVs in

plasma at 37 °C for up to 120 minutes.

Sample % [P™Tc]GVs % Compound 3
[%9mTc] Tz 0 100
Plasma[**™T¢]GVs 0 min 87 13
Plasma[**™Tc]GVs 2 min 80 20
Plasma[**™T¢]GVs 5 min 78 22
Plasma[**™Tc]GVs 10 min 78 22
Plasma[*°™Tc]GVs 20 min 71 29
Plasma[*™Tc]GVs 60 min 76 24
Plasma[**™Tc]GVs 120 min 81 19
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Table S6.2 Activity in plasma layers. Table reports the % Activity in the GV and

plasma layers after centrifugal flotation at 60 and 120 minutes.

Time % Activity in GV layer % Activity in plasma layer
60 min 31 69
120 min 44 56

Table S6.3 3D Segmentation quantification. Table reports the mean and SEM

of the volume of segmented organs.

Organs Liver Spleen Lungs Gall Duodenum  Bladder
Bladder

Volume (cim?) 1.964 0.166 0.609 0.028 0.427 0.183

SEM (n=6) 0.176 0.017 0.032 0.005 0.082 0.020

Table S6.4 Dynamic Uptake quantification. Table reports the mean and SEM
of the uptake rate constants. Rate constants were calculated using a linear
regression for all organs using the 0-10 min range except for the duodenum for

which the 30-60 min range was used.

Organs Liver Spleen Lungs Gall Duodenum  Bladder
Bladder

Uptake Rate 2.760 0.584 1.433 5.254 0.935 0.422

Constants

(%ID/cc/min)

SEM (n=6) 0.270 0.181 0.467 1.762 0.266 0.174
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7 Summary and Future Work

7.1 Summary

The overall goal of this thesis was to create and advance the knowledge
needed to effectively develop a *™Tc-labeled tetrazine for the creation of new
radiopharmaceuticals via pretargeting and bioorthogonal chemistry. The first step
was to synthesize a chelate-tetrazine derivative capable of being labeled with
%MTc. The approach taken was to use a well known tridentate chelate that can
bind the **™Tc[Tc(CO)s]* core.’ Once the synthesis, characterization, and **"Tc
labeling was completed, preliminary distribution studies were performed in mice
(Chapter 2). Rapid blood clearance, high off-target uptake, and slow clearance
through the hepatobiliary system resulted in exploring several different avenues to
improve the pharmacokinetic profile of the 1% generation ligands.

The first avenue involved evaluating the effect of hydrophilic linkers on
distribution. Two derivatives of the initial *™Tc-tetrazine were synthesized, one
with a PEGs linker and another with a PEGo. It appeared that the addition of the
PEG linkers somewhat improved compound distribution, but did not completely
mitigate the slow clearance through the gallbladder and intestines.? However,
when these %*"Tc-tetrazines were used in pretargeting studies with a TCO-
bisphosphonate for bone imaging, it appeared that the addition of the PEGs linker

greatly improved pharmacokinetics, making it the lead compound (Chapter 2).2

178



Ph.D. Thesis — H. Bilton; McMaster University — Chemistry and Chemical Biology

Moving forward, the ability of the **™Tc-tetrazines to couple with an
established TCO-antibody conjugate was evaluated in vitro and in vivo (Chapter
3). In vitro studies mimicking the dynamic flow conditions found in tumour
capillaries demonstrated successful reaction of the *™Tc-tetrazine with a TCO-
functionalized antibody localized on the surface of cancer cells. However,
pretargeted imaging studies in vivo yielded poor tumour uptake, with tumour:
blood ratios <1 for all of the ™ Tc-tetrazines tested. It was hypothesized that the
rapid blood clearance of the ®™Tc-tetrazines, combined with the low quantity of
TCO-antibody administered resulted in insufficient reaction rates to achieve a
suitable concentration of the " Tc-tetrazine at the tumour site.

In an attempt to understand the mechanism of compound clearance,
distribution studies were performed, where the lead **™Tc-tetrazine was co-
formulated with several clinically approved hepatic transport inhibitors (Chapter
4).*® |t was found that when the *™Tc-tetrazine was co-formulated with
alendronate, gallbladder uptake was reduced 3-fold. It was hypothesized that
since nitrogen containing-bisphosphonates are known inhibitors of the
mevalonate pathway,®® the presence of alendronate could potentially reduce bile
production and thus slow gall bladder activity. However, further investigation is
needed to confirm the role of alendronate on the altered distribution of the *™Tc-
tetrazine.

In an attempt to further improve the tetrazine ligands, distribution studies

were performed on the lead **"Tc compound with and without a tetrazine group
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appended to the chelate. Distribution studies suggested that the **™Tc-chelate
complex was playing a greater role in driving compound clearance compared to
the tetrazine. With this information, the effect of different **"Tc chelates was
evaluated. With a triazole-glycine containing **™Tc-chelate showing promising
clearance in literature,®'° a derivative of this triazole-chelate was synthesized and
characterized. This ligand was successfully labeled with ®™Tc, and showed a
greatly improved clearance profile from the previous *™Tc imidazole-based
chelates (Chapter 5). However, the synthetic challenges faced when
functionalizing this ligand with a tetrazine led to the synthesis of a modified
triazole-tetrazine ligand. Unfortunately, the addition of a lipophilic linker combined
with a lipophilic tetrazine caused this new %°™Tc-triazole-tetrazine to have
predominately hepatobiliary clearance, similar to the issues seen with the
imidazole-based chelates.

Additional work focused on utilizing the bioorthogonal chemical reaction
between a ®™Tc-tetrazine (Chapter 2) and trans-cyclooctene for the development
of multi-modal imaging probes (Chapter 6). By exploiting the mild conditions
required for the bioorthogonal reaction between tetrazine and trans-cyclooctene,
temperature and pH sensitive nanoscale gas vesicles were successfully
functionalized with a **™Tc-tetrazine, creating a dual SPECT/US imaging probe.
The stability and distribution of this dual-imaging probe was demonstrated in vitro
and in vivo. Additionally, an near-infrared dye functionalized-tetrazine was also

attached to the surface of the gas vesicles using the same tetrazine-TCO platform
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developed previously, resulting in a dual-modality PA/US imaging probe. The
compound stability was demonstrated in vitro, and the PA signal was easily

detectable when mixed with blood.

7.2 Future Work

7.2.1 Development of a more hydrophilic triazole ligand

Work towards the synthesis of a more hydrophilic triazole-tetrazine should
be conducted. In a similar manner to the previous synthesis (Section 5.3.2, Figure
5.7), a tetrazine acid can be synthesized using a reactive cyclic anhydride.
Differing from the previous synthesis, a carboxylic acid functionalized anhydride
can be used to add additional hydrophilicity to the ligand. This synthesis can be
carried out in several ways. The first method could be where the carboxylic acid
on the 2-(2,6-dioxooxan-4-yl)acetic acid is functionalized with an NHS ester. Next,
the commercially available tetrazine can react with the NHS ester, producing a
tetrazine-functionalized cyclic anhydride (Figure 7.1). This cyclic anhydride could
then be combined with the previously synthesized (Section 5.3.3) triazole-
propanamine ligand 30 to afford a more polar triazole-tetrazine ligand.

An alternative synthesis would be combining the commercially available
tetrazine with the acid-functionalized cyclic anhydride, resulting in a diacid-
functionalized tetrazine (Figure 7.2). This intermediate could then be combined

with one equivalent of N-hydroxysuccinimide, to create an NHS ester. This ester
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could then be treated with the previously synthesized triazole-propanamine ligand
(30) to afford a new triazole-tetrazine ligand. A third alternative would be to
switch the order of addition of the amines, reacting the triazole-propanamine
ligand with NHS-ester of the cyclic anhydride before adding the tetrazine ligand.
This may overcome any issues with tetrazine stability during synthesis or
purification.

m%bw%

NHS, EDC
DMF

Dai 't NTONH,
%/O N H;NH J\/g: @Y
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Figure 7.1 Proposed synthesis of a polar triazole-tetrazine chelate derivative.
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Figure 7.2 Alternate synthesis of a more hydrophilic triazole-tetrazine ligand.

Once a new triazole-tetrazine ligand has been synthesized, labeling with
99MT¢ should be conducted starting with the conditions described in Section 5.3.3.
Once optimized, biodistribution studies should be conducted of the **™Tc-tetrazine
alone, and compared to previous compounds such as 32. If the clearance has
improved, which would be defined by reduced gall bladder uptake and reasonable
blood half-life, pretargeting studies should be conducted with TCO-ALN and
compared to the lead imidazole-based **™Tc-tetrazine 14. The presence of the
triazole-based chelate combined with a more hydrophilic linker should result in a
new lead compound that has high target to non-target ratios with very low
hepatobiliary uptake. If this is the case, this new **"Tc-tetrazine should be tested
with a validated TCO-functionalized antibody for targeting. The ability to produce
a *"Tc-labeled antibody with high contrast images is something that has been

highly sought after in literature, but has yet to be successfully demonstrated.
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7.2.3 The development of a '%®Re-tetrazine derivative for therapeutic
applications

Once a suitable ®™Tc-tetrazine has been prepared with high target to non-
target ratios and rapid clearance from non-target tissues, a rhenium-188 ('®®Re)-
tetrazine derivative can be synthesized to develop a **™Tc and '®®Re theranostic
pair (Figure 7.3). '®®Re is a beta emitter (ti2= 17 h, Pmax = 2.12 MeV) that will
form a complex that is isostructural to the **"Tc analogue. Using the same
tetrazine ligand, the labeling with '®®Re will need to be optimized, and stability
studies performed. Similar to *™Tc, '®®Re is easily accessible from a '®W/'®®Re
generator, and is eluted in the form of sodium perrhenate [Na]'®®Re[ReQ4].
However, labeling may prove to be more difficult with '®*Re than **™Tc, as Re is
harder to oxidize."' This may require harsher labeling conditions, which will have

to be optimized to minimize tetrazine degradation.

OH OH
/\‘( /\‘(
F s A
®
(OC)3TC< JNO%H/\Q\( (00)3&{ J%\/O%Nm
N N. N N.
W o () Ly o i
N _
VZ(OH OH §

Figure 7.3 Example of a theranostic pair of ®*™Tc and '®Re tetrazine derivatives.

Once the labeling has been optimized, in vitro studies should be performed
to evaluate the stability of the '®®Re-complex over time. Next, in vivo distribution
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studies can be performed to determine the effect of changing the nature of the
metal and radiolysis on the observed distribution. Following distribution studies,
pretargeted imaging and therapy studies can be performed using an appropriate
TCO-antibody. The ability to develop an isostructural compound that can be used
with ®™Tc for imaging and '®®Re for therapy using antibodies and pre-targeting

would be an unprecedented achievement.

7.2.4 The development of a targeted PA/US contrast agent for tumour
imaging

Moving forward with the previously synthesized GV-based PA/US
multimodal imaging agent, in vivo studies should be performed to evaluate the
stability of the IR-GV complex. Furthermore, tumour studies should be performed
and the passive targeting ability of this compound, which would exploit the EPR
effect, should be evaluated with PA and US. Ideally, the compound should be
able to visualize the tumour without the need for an additional targeting vector,
due to the nanoscale size of the agent, and thus the ability to penetrate the
vasculature.'

In addition to the development of multimodal imaging probes using GVs, it
is also of interest to develop targeted CEUS agents for imaging specific disease
biomarkers. By developing a nanoscale CEUS agent, one would be able to target

disease biomarkers beyond the tumour vasculature, providing a more
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comprehensive image of the disease states. Furthermore, targeted CEUS agents
would highlight areas of disease and aid medical professionals in obtaining
accurate needle biopsies without the need for repeated biopsy sampling.

To develop a nanoscale CEUS agent, the same TCO-GV platform
developed previously (Chapter 6) could be used, and paired with a tetrazine
functionalized targeting vector. With most US guided needle biopsies being
performed on breast and prostate cancer patients, it is of interest to develop
targeted CEUS agents for biomarkers overexpressed in these cancers.

Due to the prevalence of prostate cancer, there have been many small
molecule targeting vectors that have been developed to target overexpressed
biomarkers within prostate tumours.'®'* Of these targeting vectors, a glutamate-
urea-lysine compound has been developed, that successfully targets the prostate
specific membrane antigen (PSMA), which is overexpressed one thousand fold in
prostate cancers compared to healthy tissues.'®' This glutamate-urea-lysine
core has had much success in targeting PSMA, and is currently being utilized in
several clinical trials for imaging and therapeutic applications.'®?° Several acid-
containing compounds have been coupled to the terminal amine of the lysine in
the glutamate-urea-lysine core, suggesting that the functionalization of this small
molecule with a previously synthesized tetrazine-acid (chapter 5) should be

feasible (Figure 7.4).1%21-2¢
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Figure 7.4 Amide coupling of a tetrazine-acid to glutamate-urea-lysine.

Once a tetrazine-functionalized PSMA targeting vector has been
developed, it can be added to the TCO-GV surface to create PSMA-targeted gas
vesicles (PSMA-GVs) (Figure 7.5). Once prepared, PSMA-GVs can then be
evaluated in vivo, where two subcutaneous tumours consisting of PSMA+ (e.g.
LNCaP) and PSMA- (e.g. PC3) cells can be used to determine the targeting

ability of PSMA-GVs, monitored by US.
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Figure 7.5 Functionalization of TCO-GVs with a PSMA-tetrazine for prostate

cancer imaging.

Along with the development of targeted GVs for prostate cancer, this
platform can also be translated to breast cancer imaging. Several small molecules
and peptides have been reported in literature for targeting the urokinase-type
plasminogen activator receptor (UPAR), which is an established biomarker
indicating invasiveness and metastatic potential of many cancers, including
breast.?’®° Of these targeting vectors, a small peptide named AE105 has proven
to be an exceptional targeting vector for uPAR, and is currently the core of a ®®Ga
PET tracer in clinical trials." The structure of the uPAR targeting peptide AE105
is displayed in figure 7.6 below, where the location of potential tetrazine

functionalization is highlighted in red.
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Figure 7.6 Structure of uPAR targeting peptide **Cu-NOTA-AE105.%
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APPENDIX |

Supporting Information for Chapter 2
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Figure S2.1 Synthesis of 4 from 1. a) DMF, DIPEA, t-butylbromoacetate, 80 °C, 4
h. b) DCE, NaBH(OAc)s, 6-aminocaproic acid, 50 °C, 12 h. c¢) PyBOP, DIPEA,

DMF, ((4-tetrazine-3-yl)phenyl)methanamine hydrochloride, rt, 12 h.

tert-Butyl 2-(2-formyl-1H-imidazol-1-yl)acetate (2). Compound 2 was prepared
using a literature procedure.” To a solution of imidazole-2-carboxaldehyde (2.02
g, 21.0 mmol) in anhydrous DMF (10 mL), tert-butyl bromoacetate (4.12g, 21.1

mmol), potassium iodide (120 mg, 0.73 mmol) and DIPEA (5.50 mL, 31.6 mmol)
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were added. The reaction was allowed to stir for 4 hours at 80 °C under Argon
whereupon the solvent was removed under reduced pressure. The resulting thick
brown oil was extracted with DCM (3 x 30 mL), the organic layers combined,
extracted with H>O (3 x 30 mL) and then dried over sodium sulfate. The organic
layer was evaporated to dryness under reduced pressure to yield a dark brown
oil. The desired product was isolated by column chromatography, using an SP1
Biotage SNAP 100 g column (1% MeOH/DCM), yielding a yellow oil (2.00 g, 9.47
mmol, 45%). TLC R =0.26 (1% MeOH/DCM); 'H NMR (600 MHz, CDCls): 89.66
(s, 1H), 7.19 (s, 1H), 7.07 (s, 1H), 4.92 (s, 2H), 1.36 (s, 9H). '*C NMR (150 MHz,
CDCl,): 6181.9, 166.0, 143.4, 131.3, 127.1, 83.1, 49.4, 27.8. HRMS (ES*) m/z

calculated for C1oH15N2O3 [M+H*] 211.1083, found 211.1077.
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Figure $2.2 'H NMR (600 MHz, CDCl5) of 2.
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Figure S2.3 '*C NMR (150 MHz, CDCls) of 2.

6-(Bis((1-(2-(tert-butoxy)-2-oxoethyl)-1 H-imidazol-2-yl)methyl)amino)

hexanoic acid (3). To a solution of compound 2 (1.81 g, 8.63 mmol) in
anhydrous DCE (15.5 mL), 6-aminocaproic acid (561 mg, 4.28 mmol) was added.
The reaction mixture was stirred for 1.5 hours at room temperature under argon.
Sodium triacetoxyborohydride (2.75 g, 13.0 mmol) was then added and the
mixture stirred for an additional 12 hours. The solvent was evaporated under
reduced pressure yielding an off-white oil. The desired product was isolated by
column chromatography (10% MeOH/EtOAc), which, following evaporation and

lyophilization yielded a 3 as a white powder (1.72 g, 77%). TLC R; =0.16 (10%
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MeOH/EtOAc); '"H NMR (600 MHz, CDCls): 86.97 (s, 2H); 6.79 (s, 2H); 4.56 (s,
4H); 3.62 (s, 4H); 2.50 (t, J= 12 Hz, 2H); 2.29 (t, J= 6 Hz, 2H); 1.62 (m, 2H), 1.52
(m, 2H) 1.40 (s, 18H), 1.26 (m, 3H). '*C NMR (150 MHz, CDCls): 176.4, 166.7,
145.2, 126.8, 121.3, 83.1, 54.6, 49.6, 48.0, 34.8, 28.0, 27.0, 25.3, 25.0. HRMS

(ES*) m/z calculated for CogH42NsOg [M+H™] 520.3135, found 520.3129.

7T
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 ppm

T

Figure S2.4 'H NMR (600 MHz, CDCls) of 6-(Bis((1-(2-(tert-butoxy)-2-oxoethyl)-

1 H-imidazol-2-yl)methyl)amino)hexanoic acid (3).
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Figure S2.5 '*C NMR (150 MHz, CDCls) of 6-(Bis((1-(2-(tert-butoxy)-2-oxoethyl)-

1 H-imidazol-2-yl)methyl)amino)hexanoic acid (3).

tert-Butyl {2-[({[1-(tert-butoxycarbonylmethyl)-1H-imidazol-2-ylJmethyl}[6-
oxo-6-({[p-(1,2,4,5-tetrazin-3-yl)phenyllmethyl}amino)hexylJamino)methyl]-

1H-imidazol-1-yl}acetate (4) . In one vial, compound 3 (123 mg, 0.13 mmol),
benzotriazol-1-yl-oxytripyrrolidinophosphonium  hexafluorophosphate (PyBOP)
(213.9 mg, 0.41 mmol) and N,N-dimethylformamide (DMF) (15 mL) were
combined and stirred at room temperature under argon for 15 minutes. In a

separate vial, ((4-tetrazine-3-yl)phenyl)methanamine hydrochloride (34.2 mg,
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0.15 mmol), N,N-diisopropylethylamine (DIPEA) (0.62 mL, 3.56 mmol) and DMF
(15 mL) were combined and stirred at room temperature under argon for 15
minutes. The two vials were then combined, and allowed to stir at room
temperature under argon gas for 12 hours, where the solvent was then removed
under reduced pressure. The desired product was isolated by semi-preparative
HPLC (Method 1, 4 mL/min), yielding 4 a bright pink oil (64.9 mg, 44%). TLC R
=0.16 (10% MeOH/DCM); '"H NMR (600 MHz, CDCls): $10.19 (s, 1H), 8.56 (d, J=
12 Hz, 2H), 7.51 (d, J= 6 Hz, 2H), 6.89 (s, 2H), 6.82 (d, J= 6 Hz, 2H), 4.57 (s,
4H), 4.56 (s, 1H), 4.55 (s, 1H), 3.59 (s, 4H), 2.49-2.52 (t, J= 12 Hz, 2H), 2.23 (t,
J= 6 Hz, 2H), 1.63 (m, 2H), 1.50 (m, 2H), 1.42 (s, 18H), 1.29 (m, 2H). '*C NMR
(150 MHz, CDCl3): 6173.5, 167.0, 166.5, 158.0, 145.5, 144.7, 130.7, 128.8,
128.7, 127.7, 121.5, 83.3, 54.2, 50.3, 48.1, 43.3, 36.3, 28.2, 26.5, 25.2. HRMS

(ES*) m/z calculated for CazsH49N100s [M+H'] 689.3887, found 689.3884.
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Figure S26 'H NMR (600 MHz, CDCls) of tertButyl {2-[({[1-(tert

butoxycarbonylmethyl)-1H-imidazol-2-yllmethyl}{6-ox0-6-({[p-(1,2,4,5-tetrazin-3-

yl)phenyl]methyl}amino)hexyllamino)methyl]-1H-imidazol-1-yl}acetate (4).
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Figure S2.7 '*C NMR (150 MHz, CDCls) of tert-Butyl {2-[({[1-(tert
butoxycarbonylmethyl)-1H-imidazol-2-yllmethyl}{6-ox0-6-({[p-(1,2,4,5-tetrazin-3-

yl)phenyl]methyl}amino)hexyllamino)methyl]-1H-imidazol-1-yl}acetate (4).
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Figure S2.8 Synthesis of 5 from 4. a) Re(CO)3(H20)sBr, ACN, MW, 60 °C, 20

min. b) DCM, TFA, MW, 60 °C, 6 min.

tert-Butyl {2-[({[1-(tert-butoxycarbonylmethyl)-1 H-imidazol-2-ylJmethyl}[6-
oxo-6-({[p-(1,2,4,5-tetrazin-3-yl)phenyllmethyl}amino)hexyl]amino)methyl]-

1 H-imidazol-1-yl}acetate rhenium tricarbonyl complex (5). To a microwave
vial, compound 4 (21.6 mg, 0.03 mmol), Re(CO)3(H2-0)3Br (16.2 mg, 0.04 mmol)
and acetonitrile (ACN) (3 mL) were combined. The vial was sealed and heated in
a microwave for 20 minutes at 60 °C. Solvent was removed under reduced
pressure. Next, the crude product was dissolved in a 1:1 solution of DCM:TFA (1
mL) and added to a microwave vial. The vial was sealed and heated in a
microwave for 6 minutes at 60 °C. Solvent was removed under reduced pressure.
The desired product was isolated by semi-preparative HPLC (Method 1), yielding
5 as a bright pink oil (17.4 mg, 81%). TLC R; =0.21 (10% MeOH/DCM) 'H NMR
(600 MHz, MeOD): $10.24 (s, 1H), 8.48 (d, J= 12 Hz, 2H), 8.14 (s, 1H), 7.50 (d,
J= 6 Hz, 2H), 6.94 (s, 2H), 6.92 (s, 2H), 4.53 (q, J= 12Hz, 4H), 4.44 (d, 4H), 4.31
(d, J= 18 Hz, 2H), 3.56 (t, J= 12Hz, 2H), 3.27 (s, 2H), 2.28 (t, J= 6Hz, 2H), 1.85
(m, 2H), 1.71 (m, 2H), 1.37 (m, 2H). *C NMR (150 MHz, MeOD): $197.5, 195.8,
167.9, 152.8, 133.7, 130.7, 129.4, 128.9, 124.9, 85.1, 71.1, 60.5, 60.0, 59.7, 50.3,
49.9, 35.1, 28.3, 27.3, 26.4, 25.9. HRMS (ES") m/z calculated for C3oH32N1oOgRe*

[M+H*] 847.1962, found 847.1953.
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Figure S2.9 'H NMR (600 MHz, MeOD) of tertButyl {2-[({[1-(tert
butoxycarbonylmethyl)-1H-imidazol-2-yllmethyl}{6-ox0-6-({[p-(1,2,4,5-tetrazin-3-
yl)phenyl]methyl}amino)hexyllamino)methyl]-1H-imidazol-1-yl}acetate rhenium

tricarbonyl complex (5).
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Figure S2.10 C NMR (150 MHz, MeOD) of tertButyl {2-[({[1-(tert
butoxycarbonylmethyl)-1H-imidazol-2-yllmethyl}{6-ox0-6-({[p-(1,2,4,5-tetrazin-3-
yl)phenyl]methyl}amino)hexyllamino)methyl]-1H-imidazol-1-yl}acetate rhenium

tricarbonyl complex (5).

Preparation of **™Tc[Tc(CO)s(H20)s]*. A sealed 0.5-2 mL microwave vial
containing Ky[BH3CO,] (10.0 mg, 73.5 umol), Na,CO3z (15.0 mg, 141 umol),
Na,B4sO7-10H20 (20.0 mg, 52.4 umol), and Na/K-tartrate (25.0 mg, 88.6 umol)
was flushed with Argon gas for 10 minutes. *™TcO, (130 MBq) in 2 mL of saline
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was added by syringe, and the solution was placed in the microwave reactor for
3.5 minutes at 110 °C with 10 seconds of pre-stirring. Once complete, the

solution was brought to a pH of 3.5-4 by the addition of 1 M HCI.

I !

/N

N/J\ o) ab ® N)\ o]
Nm)J\N 45% \N NM\/\)J\”

Oj\o/% | OiOH

4 6

Figure S2.11 Synthesis of 6 from 4. a) *™Tc[Tc(CO)s(OH2)s]*, MeOH, Saline

(0.9%), MW, 60 °C, 20 min. b) DCM, TFA, MW, 60 °C, 6 min.

tert-Butyl {2-[({[1-(tert-butoxycarbonylmethyl)-1H-imidazol-2-ylJmethyl}[6-
oxo-6-({[p-(1,2,4,5-tetrazin-3-yl)phenyllmethyl}amino)hexyllJamino)methyl]-

1H-imidazol-1-yl}acetate technetium-99m tricarbonyl complex (6). To a
solution of 259 uL of *™T¢[Tc(CO)s(OH.)s]* in saline (111 MBq), 4 was added at
a concentration of 10° M (Scheme 6) in 241 uL MeOH in a vial. The vial was
sealed and heated in a microwave for 20 minutes at 60°C. Upon cooling, the
mixture was analyzed for purity by analytical HPLC (Method 1). After cooling and
evaporation of solvent, the tert-butyl ester protecting groups were removed by

treatment with 1:1 TFA and DCM and heated in a microwave for 6 minutes at
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60°C. Upon completion of the deprotection, the reaction was dried and re-
suspended in ACN/H>O (1:1 v/v) and purified by HPLC resulting 6 with no

impurities (1). The radiochemical yield of compound 6 was 45% (n = 22).

Tetrazine-TCO reaction with 6. To a solution of 6 and PBS (500 ulL),
transcyclooctene-4-ol (27 uL (50 mg/mL in DMSQO)) was added, and the solution
left to incubate at room temperature for 10 minutes. The reaction was monitored

by HPLC (method 2).
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Figure S2.12 Gamma HPLC traces of reaction between 6 and TCO.

Stability testing of 7 in PBS. Compound 6 was added to PBS at formulation
concentration (200 uCi/mL) and incubated at 37 °C for 3 hours. The reaction was

monitored by HPLC (see figure S10).
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Figure S2.13 Gamma HPLC traces of 6 after incubation in PBS for 1 and 3 hours.

Cysteine and Histidine challenge experiments. Compound 6 was incubated

with three concentrations of cysteine (100 mM, 2mM and 100 uM), 100 mM

histidine, and a PBS standard at 37 °C for 1, 3, and 6 hours. Stability of the 6 was

monitored by HPLC (Figures S2.14-2.16).
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Figure S2.14 Gamma HPLC traces of 6 upon incubation at 37 °C with 100 mM L-

cysteine for 1, 3 and 6 hours.
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Figure S2.15 Gamma HPLC traces of 6 upon incubation at 37 °C with 100 mM

Histidine for 1, 3 and 6 hours.
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Figure S2.16 Gamma HPLC traces of 6 upon incubation at 37 °C in PBS for 1, 3

and 6 hours.
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Figure S2.17 HPLC chromatograms (UV and y) of compound 5 (UV) (top) co-

injected with compound 6 (y)(bottom).
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Figure S2.18 Synthesis of Compound 8 from Compound 2. a) DMF, DIPEA, t-
butylbromoacetate, 80 °C, 4 h. b) DCE, NaBH(OAc)s, NH>-PEG,-CH.CH,COOH,
50 °C, 12 h. c) PyBOP, DIPEA, DMF, ((4-tetrazine-3-yl)phenyl)methanamine

hydrochloride, rt, 12 h.

3-[2-(2-{2-[2-(2-{2-[2-(2-{2-[2-(Bis{[1-(tert-butoxycarbonylmethyl)-1 H-
imidazol-2-ylJmethyl}amino)ethoxy]ethoxy}ethoxy)ethoxy]ethoxy}ethoxy)
ethoxy]ethoxy}ethoxy)ethoxy]propionic acid (7). To a solution of compound 2
(0.23 g, 1.09 mmol) in anhydrous DCE (7.00 mL) was added NH.-PEGo-
CH>CH>COOH (0.28 g, 0.53 mmol). The reaction mixture was stirred for 1.5 hours
at room temperature under argon. Sodium triacetoxyborohydride (0.35 g, 1.64

mmol) was then added and stirred for an additional 12 hours at 50 °C. The
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solvent was evaporated under reduced pressure yielding a yellow oil. The
desired product was isolated by column chromatography 5-25% MeOH/DCM),
which, following evaporation yielded a 2 as a yellow oil (0.24 g, 48%). TLC Rs
=0.18 (10% MeOH/DCM);'H NMR (600 MHz, CDCls): 87.27 (s, 1H), 6.93 (s, 2H),
6.84 (d, 2H), 4.61 (s, 4H), 2.76 (t, J = 6 Hz, 2H), 2.54 (t, J = 6 Hz, 2H), 1.38 (s,
18H). *C NMR (150 MHz, CDCls): $175.5, 167.2, 145.5, 127.3, 121.4, 82.8, 70.6,
70.6, 70.5, 70.4, 70.4, 70.3, 70.2, 70.1, 69.8, 67.6, 53.2, 50.5, 48.0, 36.2, 28.1.

HRMS (ES+) m/z calculated for C4oH76N5016 [M+H+] 918.5260, found 918.5287.
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Figure $2.19 'H NMR (600 MHz, CDCls) of 7.
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Figure S$2.20 '*C NMR (150 MHz, CDCls) of 7.

tert-Butyl {2-[({[1-(tert-butoxycarbonylmethyl)-1H-imidazol-2-ylimethyl}{2-[2-
(2-{2-[2-(2-{2-[2-(2-{2-[3-0x0-3-({[p-(1,2,4,5-tetrazin-3-yl)phenyl]methyl}

amino)propoxylethoxy}ethoxy)ethoxy]ethoxy}ethoxy)ethoxylethoxy}ethoxy
)ethoxy]ethyl}amino)methyl]-1H-imidazol-1-yl}acetate (8). To a stirring
solution of compound 7 (0.12 g, 0.13 mmol) in DMF (15.0 mL), PyBOP (0.21 g,
0.41 mmol) was added and stirred for 15 min. In a separate reaction vessel, ((4-

tetrazine-3-yl)phenyl)methanamine hydrochloride (0.03 g, 0.15 mmol) in , DIPEA
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(0.62 mL, 6.41 mmol) and DMF (15.0 mL) were combined. After 15 minutes of
stirring at room temperature, the two separate reaction mixtures were combined.
The reaction was allowed to stir for 12 hours at room temperature under argon.
Upon completion, solvents were evaporated under reduced pressure. The desired
product was isolated by column chromatography 1-15% MeOH/DCM, followed by
semi-preparative HPLC (Method 1). The solvents were evaporated under
reduced pressure, yielding a bright pink oil (0.07 g, 44%). TLC R =0.16 (10%
MeOH/DCM). 'H NMR (600 MHz, CDCls): 10.20 (s, 1H), 8.57 (d, J = 6 Hz, 2H),
7.53 (d, J = 12 Hz, 2H), 6.94 (d, 2H), 6.86 (d, 2H), 4.65 (2, 4H), 4.57 (d, J = 12
Hz, 2H), 3.78 (t, J = 6 Hz, 2H), 3.73 (s, 4H), PEG MESS, 2.78 (t, J = 6 Hz, 2H),
2.57 (t, J = 6 Hz, 2H), 1.40 (s, 18H). "*C NMR (150 MHz, CDCls): $172.2, 167.2,
166.5, 158.0, 145.6, 144.9, 130.6, 128.7, 128.5, 127.3, 121.6, 82.9, 70.7, 70.5,

70.4,70.2, 69.9, 67.5, 55.3, 50.7, 48.1, 43.1, 37.2, 28.2.
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Figure S2.22 *C NMR (150 MHz, CDCls) of 8.
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Figure S2.23 Synthesis of compound 9 from 8. a) Re(CO)3(OH,)3;Br, ACN, MW,

60 °C, 20 min. b) DCM, TFA, MW, 60 °C, 6 min.
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To a solution of compound 8 (0.01 g, 0.01 mmol) in ACN (3 mL),
Re(CO)3(H20)sBr was added (0.005 g, 0.01 mmol). After a microwave reaction for
20 minutes at 60 °C, solvents were removed under reduced pressure, and
dissolved in a 1:1 solution of DCM:TFA. A second microwave reaction was
performed for 6 minutes at 60°C to remove the tert-butyl ester protecting groups.
Solvents were removed under reduced pressure, and the desired product was
isolated using semi-preparative HPLC (Method 1) yielding compound 9 as a
bright pink oil (0.004, 32%). TLC R; =0.11 (10% MeOH/DCM). '"H NMR (600
MHz, MeOD): 810.23 (s, 1H), 8.47 (d, J = 6 Hz, 2H), 7.49 (d, J = 3 Hz, 2H), 6.92
(d, J = 3 Hz, 4H), 4.56-4.29 (PEG mess), 3.56 (s, 6H), 2.28 (t, J = 12 Hz, 2H),
1.84 (m, 2H), 1.70 (m, 2H), 1.36 (m, 2H), 1.04 (t, 1H). '*C NMR (150 MHz,
CDClg): 8197.8, 176.0, 167.7, 159.3, 152.7, 145.8, 132.4, 129.5, 129.4, 128.1,
124.7, 71.4, 70.1, 60.2, 43.8, 36.7, 27.3, 26.7, 26.3. HRMS (ES") m/z calculated

for C47H66N10013Re [M+H+] 12454067, found 1245.2114.
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Figure S2.25 '*C NMR (150 MHz, MeOD) of 9.

Preparation of **™Tc[Tc(CO)s(OH2)s]*. A sealed 0.5-2 mL microwave vial
containing Ky[BH3CO,] (10.0 mg, 73.5 umol), Na,CO3z (15.0 mg, 141 umol),
Na-B4O7;-10H20 (20.0 mg, 52.4 umol), and Na/K-tartrate (25.0 mg, 88.6 umol) was
flushed with Argon gas for 15 minutes. *™TcO4 (130 MBq) in 2 mL of saline was
added by syringe, and the solution was placed in the microwave reactor for 3.5
minutes at 100 °C with 10 seconds of pre-stirring. Once complete, the solution

was brought to a pH of 3.5-4 by the addition of 1M HCI.
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Figure S2.26 Synthesis of 10 from 8. a) *™Tc[Tc(CO)s(OH2)s]*, MeOH, Saline

(0.9%), MW, 60 °C, 20 min. b) DCM, TFA, MW, 60 °C, 6 min.

Preparation of compound 10 from 8. To a solution of 250 ulL of
9MTc[Tc(CO)s(OHy)s]* in saline (111 MBq) was then added to 8 at 10° M in 250
uL MeOH in a vial. The vial was sealed and heated in a microwave for 20 minutes
at 60 °C. Upon cooling, the mixture was analyzed for purity by analytical HPLC
(Method 1). After cooling and evaporation of solvent, the tert-butyl ester protecting
groups were removed by treatment with 1 mL of 1:1 DCM:TFA , followed by a
microwave reaction for 6 minutes at 60 °C. Upon completion of the deprotection,
the reaction was dried and re-suspended in ACN/H-O (1:1 v/v) and purified by
HPLC resulting 10 with no impurities (Method 1). The radiochemical yield of

compound 10 was 42% (n = 18).
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Validation of 10 with Co-injection with 9. To a solution of 10 (37 MBq) in PBS
(1 mL), 9 (0.25 mg, 0.0002 mmol) in Methanol (50 yL) was added. Confirmation

of the compound was analyzed by analytical HPLC (Method 1).
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Figure S2.27 Co-injection of 9 (UV) (top) with 10 (bottom) (gamma).

Stability of 10 in PBS. Compound 10 was dissolved in PBS (185 MBg/mL) and

incubated at 37 °C for 6 hours. The reaction was monitored periodically by

analytical HPLC (see Figure 10).
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Figure S2.28 Stability of 10 in PBS at 1 (top), 4 (middle) and 6 hours (bottom).
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Figure S2.29 Synthesis of 12 from 2. a) DMF, DIPEA, t-butylbromoacetate, 80
°C, 4 h. b) DCE, NaBH(OAc)s, NH,-PEGs-CH>COOH, 50 °C, 12 h. c) PyBOP,

DIPEA, DMF, ((4-tetrazine-3-yl)phenyl)methanamine hydrochloride, rt, 12 h.

tert-butoxycarbonylmethyl)-1 H-imidazol-2-ylJmethyl}amino)ethoxy]ethoxy}

ethoxy)ethoxy]ethoxy}acetic acid (11a). To a solution of compound 2 (313 mg,
1.49 mmol) in anhydrous DCE (4.00 mL), NH,PEGsCOOH (217 mg, 0.734 mmol)
was added. The reaction mixture was stirred for 1.5 h at room temperature under
argon. Sodium triacetoxyborohydride (465 mg, 2.20 mmol) was then added and
the mixture stirred for an additional 12 h. The solvent was evaporated under
reduced pressure yielding a clear, pale yellow oil. The desired product was

isolated semi-preparative HPLC (method 1, 4 mL/min), which, following
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evaporation yielded a 11a as a colourless oil (422 mg, 0.618 mmol, 84%). TLC Rs
=0.43 (10% MeOH/DCM); 'H NMR (600 MHz, CDCls): 88.28 (s, 1H), 6.97 (d, 2H),
6.88 (d, 2H), 4.66 (s, 2H), 4.00 (s, 2H), 3.78 (s, 4H), 3.63 (m, 2H), 3.57 (m, 2H),
3.52 (m, 10H), 3.43 (m, 4H), 2.68 (t, J = 6 Hz, 2H), 1.34 (s, 18H). '*C NMR (150
MHz, CDCls): 6181.8, 173.7, 166.5, 165.1, 145.0, 131.2, 127.2, 124.9, 121.9,
116.5, 83.1, 70.4, 70.4, 70.3, 69.9, 69.2, 69.2, 53.2, 49.6, 48.0, 27.9, 1.8. HRMS

(ES") m/z calculated for C3,Hs3NsO11 [M+H™] 684.3823, found 684.3820.
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Figure $2.30 'H NMR (600 MHz, CDCls) of 11a.
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Figure S2.31 '*C NMR (150 MHz, CDCls) of 11a.

tert-Butyl {2-[({[1-(tert-butoxycarbonylmethyl)-1H-imidazol-2-ylJmethyl}(2-{2-
[2-(2-{2-[2-ox0-2-({[p-(1,2,4,5-tetrazin-3-yl)phenyl]methyl}amino)
ethoxy]ethoxy}ethoxy)ethoxy]ethoxy}ethyl)amino)methyl]-1H-imidazol-1-
yl}acetate (12). In one vial, compound 11a (191 mg, 0.280 mmol), benzotriazol-
1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) (437 mg, 0.84
mmol) and N,N-dimethylformamide (DMF) (15 mL) were combined and stirred at
room temperature under argon for 15 min. In a separate vial, ((4-tetrazine-3-

yl)phenyl)methanamine  hydrochloride (76.1 mg, 0.34 mmol), N,N-
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diisopropylethylamine (DIPEA) (1.30 mL, 7.46 mmol) and DMF (15 mL) were
combined and stirred at room temperature under argon for 15 min. The two vials
were then combined, and allowed to stir at room temperature under argon gas for
12 h, where the solvent was then removed under reduced pressure. The desired
product was isolated by semi-preparative HPLC (method 1, 4 mL/min), yielding 12
as a bright pink oil (50.1 mg, 21%). TLC R; =0.26 (10% MeOH/DCM); 'H NMR
(600 MHz, CDCls): $10.20 (s, 1H), 8.54 (d, J = 6 Hz, 2H), 7.77 (s, 1H), 7.51 (d, J
=12 Hz, 2H), 7.39 (s, 2H), 7.16 (s, 2H), 4.93 (s, 4H), 4.58 (d, J = 6 Hz, 2H), 4.23
(s, 4H), 4.15 (s, 2H), 3.69 (d, J = 6 Hz, 2H), 3.64 (d, 2H), 3.60 (d, J = 6 Hz, 2H),
3.54 (m, 6H), 3.52 (m, 4H), 3.45 (d, J = 6 Hz, 2H), 2.77 (t, 2H), 1.47 (s, 18H). '°C
NMR (150 MHz, CDCl3): 8171.9, 166.4, 165.1, 158.0, 146.4, 143.4, 131.0, 128.8,
128.7, 123.4, 119.5, 116.8, 114.9, 85.4, 70.8, 70.3, 70.2, 70.0, 69.8, 68.9, 54.0,
49.5, 46.6, 43.0, 28.0, 26.6, 26.5. HRMS (ES*) m/z calculated for C41HsoN10010

[M+H"] 853.4581, found 853.4572.
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Figure $2.32 'H NMR (600 MHz, CDCls) of 12.
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Figure S$2.33 '*C NMR (150 MHz, CDCls) of 12.
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Figure S2.34 Synthesis of 13 from 12. a) Re(CO)3(OH>)3Br, ACN, 60 °C, 20 min.

b) DCM, TFA, 60 °C, 6 min.

227



Ph.D. Thesis — H. Bilton; McMaster University — Chemistry and Chemical Biology

tert-Butyl {2-[({[1-(tert-butoxycarbonylmethyl)-1H-imidazol-2-ylJmethyl}(2-{2-
[2-(2-{2-[2-0x0-2-({[p-(1,2,4,5-tetrazin-3-yl)phenyl]methyl}amino)ethoxy]

ethoxy}ethoxy)ethoxy]ethoxy}ethyl)amino) methyl]-1H-imidazol-1-yl}
acetate rhenium tricarbonyl complex (13). To a microwave vial, compound 12
(30.5 mg, 0.04 mmol), Re(CO)3(H20)3Br (20.2 mg, 0.05 mmol) and acetonitrile
(ACN) (3 mL) were combined. The vial was sealed and heated in a microwave for
20 min at 60 °C. Solvent was removed under reduced pressure. Next, the crude
product was dissolved in a 1:1 solution of DCM:TFA (1 mL) and added to a
microwave vial. The vial was sealed and heated in a microwave for 6 min at 60
°C. Solvent was removed under reduced pressure. The desired product was
isolated by semi-preparative HPLC (method 1, 4 mL/min), yielding 13 as a bright
pink oil (4.1 mg, 10%). TLC R; =0.18 (10% MeOH/DCM); HRMS (ES*) m/z

calculated for C3sH14N19O13Re™ [M+H*] 1011.2629, found 1011.2660.

Preparation of **™Tc[Tc(CO)s(H20)s]*. A sealed 0.5-2 mL microwave vial
containing Ky[BH3CO,] (10.0 mg, 73.5 umol), Na,CO3z (15.0 mg, 141 umol),
Na,B4sO7-10H20 (20.0 mg, 52.4 umol), and Na/K-tartrate (25.0 mg, 88.6 umol)
was flushed with argon gas for 10 min. **™TcO, (130 MBq) in 2 mL of saline was
added by syringe, and the solution was placed in the microwave reactor for 3.5
min at 110 °C with 10 s of pre-stirring. Once complete, the solution was brought

to a pH of 3.5-4 by the addition of 1 M HCI.
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Figure S2.35 Synthesis of 14 from 12. a) **"T¢[Tc(CO)s(OHy)s]*, MeOH, Saline

(0.9%), MW, 60 °C, 20 min. b) DCM, TFA, 60 °C, 6 min.

tert-Butyl {2-[({[1-(tert-butoxycarbonylmethyl)-1H-imidazol-2-ylJmethyl}(2-{2-
[2-(2-{2-[2-0x0-2-({[p-(1,2,4,5-tetrazin-3-yl)phenyl]methyl}amino)
ethoxy]ethoxy}ethoxy)ethoxy]ethoxy}ethyl)amino)methyl]-1H-imidazol-1-
yl}acetate technetium-99m tricarbonyl complex (14). To a solution of
9MTc[Tc(CO)s(OHy)s]* in saline (259 ul, 111 MBq), 12 dissolved in methanol was
added (10° M in 241 uL). The vial was sealed and heated in a microwave for 20
min at 60°C. Upon cooling, the mixture was analyzed for purity by analytical
HPLC (method 1, 1 mL/min). After cooling and evaporation of solvent, the tert-
butyl ester protecting groups were removed by treatment with 1:1 TFA in DCM for
2.5 h at room temperature. Upon completion of the deprotection, the reaction was
dried and re-suspended in ACN/H2O (1:1 v/v) and purified by HPLC resulting 14

with no impurities. The radiochemical yield of compound 14 was 31% (n = 10).
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Validation of 14 with co-injection with 13. To a solution of 14 (9.25 MBq) in
PBS (500 mL), 13 (0.25 mg, 0.25 pmol) in methanol (50 pL) was added.

Confirmation of the compound was analyzed by analytical HPLC (Method 1).
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Figure S2.36 HPLC chromatograms (UV and gamma) of compound 13 (UV - top)

co-injected with compound 14 (gamma - bottom).
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APPENDIX I

Supplemental Information for Chapter 5

Synthesis of tert-butoxycarbonylmethyl)-1H-imidazol-2-ylimethyl}amino)
ethoxy]ethoxy}ethoxy)ethoxy]ethoxy}acetic acid technetium-99m
tricarbonyl complex (11b). To a solution of 259 uL of *™Tc[Tc(CO)s(OHy)s]* in
saline (111 MBq), 11a was added at a concentration of 10°> M (Scheme 6) in 241
uL MeOH in a vial. The vial was sealed and heated in a microwave for 20 minutes
at 60°C. Upon cooling, the mixture was analyzed for purity by analytical HPLC
(Method 2). After cooling and evaporation of solvent, the tert-butyl ester protecting
groups were removed by treatment with 1:1 TFA and DCM and heated in a
microwave for 6 minutes at 60°C. Upon completion of the deprotection, the
reaction was dried and re-suspended in ACN/H.O (1:1 v/v) and purified by HPLC
resulting 11b with no impurities. The radiochemical yield of compound 11b was

35% (n = 3).
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Figure S5.1 Gamma HPLC trace of **"Tc labeling of 11b.

Synthesis of 6-{4-[(2R)-2-Carboxy-2-(tert-butoxycarbonylamino)ethyl]-1H-
1,2,3-triazol-1-yl}-2-[(9H-fluoren-9-yl)methoxycarbonylamino]hexanoic acid
(21). Compound 21 was prepared using a literature procedure.® To a solution of
Fmoc-Lys(Ns)-OH (50 mg, 1.3 x 10" mmol) in 3.0 mL of 2/1 +-BuOH/H;0), Boc-L-
propargylglycine-DCHA was added (50 mg, 0.13 mmol). Sodium ascorbate was
then added (1.0 mg, 5.0 x 10" mmol in 0.50 mL water), followed by Cu(OAc)zHz0
(0.6 mg, 2.6 x 10° mmol in 0.50 mL water). The mixture was stirred at 30 °C for
12 hours under argon. Quadrapure-IDA resin (10 mg) was added to the solution
and gently shaken at room temperature for 2 hours to remove Cu(ll). The solution
was filtered through a Celite bed and evaporated to dryness. The light yellow solid
obtained was then extracted between EtOAc and water (3 x 20 mL). All organic
phases were combined and dried over a bed of Na,SO,. The crude product was
then purified by HPLC (Method 2, 4 mL/min), resulting in a clear, colourless oil

(35 mg, 5.7 x 102 mmol, 45%). '"H NMR (600 MHz, Acetone-de): 87.85 (d, 2H),
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7.80 (s, 1H), 7.71 (t, 2H), 7.41 (t, 2H), 7.33 (t, 2H), 4.50 (t, 1H), 4.41 (t, 2H), 4.34
(d, 2H), 4.23 (m, 2H), 3.18 (m, 2H), 2.64 (s, 1H), 2.07 (m, 1H), 2.07 (s, 2H), 1.95
(m, 2H), 1.80 (m, 1H), 1.48, d, 2H), 1.38 (s, 9H). *C NMR (150 MHz, Acetone-
de): 6174.6, 173.8, 157.7, 156.9, 145.7, 145.6, 144.5, 142.7, 129.2, 128.6, 126.8,
124.1 121.4, 80.1, 67.8, 55.1, 54.6, 51.0, 48.6, 41.1, 32.4, 31.2, 31.1, 31.0, 29.2,

24.1. HRMS (ES*) m/z calculated for CsiH3sNsOg [M+H'] 608.272, found

608.2708.
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Figure S5.2 '"H NMR (600 MHz, Acetone-ds) of 21.
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Figure S5.3 >*C NMR (150 MHz, Acetone-ds) of 21.

6-{4-[(2R)-2-Carboxy-2-(tert-butoxycarbonylamino)ethyl]-1H-1,2,3-triazol-1-

yl}-2-aminohexanoic acid (22). To a solution of 21 (30 mg, 0.05 mmol) in DMF
(0.8 mL), piperazine was added (0.2 mL). The reaction was allowed to stir for 2
hours at room temperature, before being evaporated to dryness. The reaction
mixture was then dissolved in a 1:1 solution of DCM/TFA (1 mL) and heated in
the microwave for 10 minutes at 60 °C. The deprotected product was used for

labeling without further purification.
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Preparation of **"Tc[Tc(CO)s(OHz)s]*. A sealed 0.5-2 mL microwave vial
containing Ky[BH3CO,] (10 mg, 74 umol), Na,COs; (15 mg, 140 umol),
Na.BsO710H.0 (20 mg, 52 wmol), and Na/K-tartrate (25 mg, 89 umol) was
flushed with Argon gas for 10 minutes. *™TcO4 (130 MBq) in 2 mL of saline was
added by syringe, and the solution was placed in the microwave reactor for 3.5
minutes at 110°C with 10 seconds of pre-stirring. Once complete, the solution

was brought to a pH of 7 by the addition of 1M HCI.

Synthesis of 6-{4-[(2R)-2-Amino-2-carboxyethyl]-1H-1,2,3-triazol-1-yl}-2-
aminohexanoic acid technetium-99m tricarbonyl complex (23a). To a solution
of 1/1 DCM/TFA (1 mL), 21 was added (1 mg, 3 x 10 mmol). The reaction was
heated to 60 °C in the microwave for 10 minutes, before being evaporated to
dryness. The deprotected product was confirmed by analytical HPLC (Method 2,
1 mL/min). To a solution of 500 uL of *™Tc[Tc(CO)s(OH.)s]* in saline (930 MBq),
200 pg of deprotected 22 was added in 100 uL MeOH in a vial, followed by 100
uL of PBS. The vial was sealed and heated in a microwave for 15 minutes at 60
°C. Upon cooling, the mixture was analyzed for purity by analytical HPLC (Method
2) resulting 23a with no gamma impurities. The reaction mixture was dried and

dissolved in PBS at a concentration of 0.74 MBqg/uL.
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Figure S5.4 HPLC trace of *™Tc labeling of 23a (UV — top, Gamma — bottom).

Stability testing of 23a in PBS. Compound 23a was dissolved in PBS (7.4
MBqg/mL) and incubated at 37 °C for 6 hours. At 1 and 6 hours a sample, 200 pL
was taken from the mixture and diluted to 500 yL with H,O and analyzed by

analytical HPLC (Method 1, 1 mL/min) to assess stability.
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Figure S5.5 Gamma HPLC traces of 23a upon incubation at 37 °C in PBS for 1

and 6 hours.

Synthesis of 5-Oxo-5-({[p-(1,2,4,5-tetrazin-3-yl)phenyl]methyl}amino)valeric
acid (26). To a stirring solution of tetrazine (52 mg, 0.23 mmol) in 6.0 mL DCM,
triethylamine was added (162 pL, 1.16 mmol), followed by glutaric anhydride
(132.4 mg, 1.16 mmol). The mixture was stirred at room temperature under argon
for 18 hours. The crude product was purified by HPLC (Method 1, 4 mL/min),
resulting in a pink oil (61 mg, 0.20 mmol, 89%). TLC R; (DCM + 10% MeOH)=
0.49. "H NMR (600 MHz, CDs0OD): 810.32 (s, 1H), 8.56 (d, 2H), 7.56 (d, 2H), 4.50

(s, 2H), 2.35 (t, 4H), 1.95 (m, 2H). *C NMR (150 MHz, CD3;OD): 177.1, 175.86,
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167.7, 159.4, 145.7, 132.4, 129.5, 129.4, 43.9, 36.2, 34.4, 34.2, 22.5, 21,6.

HRMS (ES’) m/z calculated for C14H:sNsO5 [M-H*] 300.1102, found 300.1098.
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Figure S$5.6 'H NMR (600 MHz, CD;0OD) of 26.
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Figure S5.7 '>*C NMR (150 MHz, CDs0D) of 26.

Synthesis of p-(1,2,4,5-tetrazin-3-yl)phenyl]methyl}amino)valerate (27). To a
solution of 26 (20 mg, 0.066 mmol) in 1.3 mL DMF, N-hydroxysuccinimide (38.2
mg, 0.33 mmol) and 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (63.4 mg,
0.33 mmol) was added. The mixture was stirred at room temperature under argon
for 18 hours. The crude reaction was purified by Biotage flash chromatography
(DCM with 1-5% MeOH over 15 CV), yielding a pink solid (22 mg, 0.055 mmol,
85%). TLC R (DCM + 5% MeOH) = 0.57. '"H NMR (600 MHz, CDCls): 610.21 (s,

1H), 8.59 (d, 2H), 7.53 (d, 2H), 4.57 (d, 2H), 3.01 (s, 3H), 2.94 (s, 3H), 2.69 (s,
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1H), 2.43 (t, 2H), 2,39 (t, 2H), 2.01 (m, 2H). *C NMR (150 MHz, CDCls): 6171.9,
169.5, 169.1, 168.5, 167.9, 166.4, 158.0, 144.1, 130.8, 128.8, 128.7, 43.4, 34.5,
30.1, 29.8, 25.8, 21.1, 19.8. HRMS (ES") m/z calculated for C14H15N503 [M-H"]

399.1400, found 399.1000.
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Figure S5.8 '"H NMR (600 MHz, CDCls) of 27.
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Figure S5.9 *C NMR (150 MHz, CDCls) of 27.

Synthesis of H-1,2,3-triazol-4-yl]-2-(tert-butoxycarbonylamino)propionic
acid (30). Compound 30 was prepared using a literature procedure.®> To a
solution of 3-azido-1-propanamine (10.4 mg, 0.10 mmol) in 1.0 mL of 2/1 t-
BuOH/H,0), Boc-L-propargylglycine:-DCHA was added (43.2 mg, 0.11 mmol).
Sodium ascorbate was then added (0.83 mg, 4.2 x 10 mmol in 0.2 mL water),
followed by Cu(OAc):H20 (0.42 mg, 2.1 x 10° mmol in 0.20 mL water). The
mixture was stirred at 30 °C for 12 hours under argon. Quadrapure-IDA resin (~10

mg) was added to the solution and gently shaken at room temperature for 2 hours
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to remove Cu(ll). The solution was filtered through a Celite bed and evaporated to
dryness. The crude product was purified by HPLC (Method 1, 4 mL/min), resulting
in a clear, colourless oil (23 mg, 7.3 x 102 mmol, 71%). '"H NMR (600 MHz,
CDClg): 87.48 (s, 1H), 4.15 (t, 2H), 4.04 (m, 1H), 2.89 (dd, 1H), 2.72 (dd, 2H),
1.90 (m, 2H), 1.03 (s, 9H). *C NMR (150 MHz, CDCls): $175.5, 171.6, 162.6,
162.4, 162.1, 158.7, 145.9, 143.5, 126.1, 125.5, 81.6, 55.7, 54.5, 49.1, 49.0, 38.9,
30.0, 29.9, 29.5, 29.4, 28.0. HRMS (ES*) m/z calculated for C13H2sNsOs [M+H"]

314.1823, found 314.1821.
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Figure S$5.10 '"H NMR (600 MHz, CD3s0OD) of 30.
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Figure S5.11 '*C NMR (150 MHz, CDCls) of 30.

Synthesis of p-(1,2,4,5-tetrazin-3-yl)phenylmethyl}amino)valerylamino]
propyl} -1H-1,2,3-triazol-4-yl)-2-(tert-butoxycarbonylamino)propionic acid
(31). To a stirring solution of 30 (23 mg, 0.073 mmol) in 1.5 mL of DMF,
triethylamine was added (13 pL, 0.092 mmol) followed by 27 (28.5 mg, 0.071
mmol). The reaction mixture was stirred under argon at room temperature for 3
hours. The crude reaction was purified by HPLC (Method 1, 4 mL/min) yielding a

pink oil (3.8 mg, 0.0064 mmol, 9%). TLC R; (DCM + 5% MeOH) = 0.13. '"H NMR
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(600 MHz, CD30D): 610.32 (s, 1H), 8.56 (d, 2H), 7.80 (s, 1H), 7.56 (d, 2H), 4.50
(s, 2H), 4.40 (t, 3H), 3.24 (dd, 1H), 3.19 (t, 2H), 3.06 (dd, 1H), 2.33 (t, 2H), 2.26 (t,
2H), 2.07 (m, 2H), 1.95 (m, 2H), 1.40 (s, 9H). *C NMR (150 MHz, CD;OD):
8175.7, 175.6, 174.8, 159.4, 145.8, 144.9, 132.5, 129.6, 129.5, 124.7, 80.8, 54.9,
43.9, 37.5, 36.3, 31.3, 29.1, 28.8, 23.3. HRMS (ES’) m/z calculated for

Cz7H36N1006 [M-H+] 596.2809, found 595.2747.
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Figure $5.12 'H NMR (600 MHz, CDsOD) of 31.
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Figure S5.13 '>*C NMR (150 MHz, CDs0D) of 31.

Synthesis of p-(1,2,4,5-tetrazin-3-yl)phenyl]methyl}amino)valerylamino]
propyl}-1H-1,2,3-triazol-4-yl)propionic acid technetium-99m tricarbonyl
complex (32). To a solution of 1/1 DCM/TFA (1 mL), 31 was added (0.2 mg, 3.4
x 10 mmol). The reaction was heated to 60 °C in the microwave for 10 minutes,
before being evaporated to dryness. To a solution of 500 uL of
9MT¢[Tc(CO)s(H20)s]* in saline (930 MBq) pH adjusted to 5.5 by 0.1 M HCI, 200
g of deprotected 7 was added in 100 uL MeOH in a vial. The vial was sealed

and heated in a microwave for 15 minutes at 60 °C. Upon cooling, the mixture
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was purified by analytical HPLC (Method 1, 1 mL/min) resulting 32 (15% RCY).

The reaction mixture was dried and dissolved in PBS at a concentration of 0.74

MBa/pL.
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Figure S5.14 Purified gamma HPLC trace of 32.
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