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Abstract

Despite recent advances, radiopharmaceuticals to detect and characterize bacterial
infections have a number of limitations. Many of the clinically approved
radiopharmaceutical agents are not specific to bacterial infections and accumulate at
lesions of inflammation. Hence, new approaches are necessary to detect bacteria with
high specificity and selectivity. A library of desferrioxamine B (DFO) derivatives were
prepared to create radiolabeled siderophores to create a bacteria-specific imaging probe
by exploiting the mechanism bacteria use to scavenge iron, which plays a key role in
bacterial growth and biofilm formation Compounds were synthesized using two
convenient carbamate forming strategies in 30% to 92% yield. The cold and radioactive
gallium (®’Ga) complexes were prepared and characterized and their uptake by S. aureus
bacteria were assessed in vitro and in vivo. In vivo studies revealed that
%" GaDFOethoxycarbamate had uptake comparable to GaDFO that was blockable,
showing the compound was actively taken up via the siderophore pathway. In vivo
studies in a mouse model resulted in a good infected to non-infected thigh ratio (11:1)
and non-specific uptake by the Gl tract.

Bioorthogonal chemistry was also explored as an approach for imaging infection
using trans-cyclooctene (TCO) functionalized vancomycin and a tetrazine functionalized
"GaDFO (*’GaDFO-Tz) complex.>* In vitro results revealed that allowing vancomycin-

TCO to bind S. aureus prior to the addition of ®GaDFO-Tz (pretargeting) showed higher



(63%) uptake than with a conjugate formed prior to incubation with the bacteria (direct
targeting, 28%). For the bioorthogonal approach, the distribution of the ®’GaDFO-Tz was
assessed in a S. aureus infection murine model, which showed significant uptake of
”GaDFO-Tz in the Gl tract 1 h post intravenous injection. However, uptake in the
infected joint was evident at 71 h post infection. The data suggests targeting bacteria
using TCO-labeled antibiotics and radiolabeled tetrazines is a feasible strategy, but that

further optimization of the vancomycin injection dose and injection time are necessary.
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Chapter 1

1 Introduction
1.1 Bacterial Infections

Bacterial infections are a common cause of mortality, especially amongst cancer
and post-surgical patients.! Hence, early diagnosis and localization of hidden bacterial
infections are crucial and remain a critical healthcare challenge globally. Infection is
defined as the invasion and multiplication of pathogens which may result in tissue
damage from various cellular or toxic processes.” Progression of infections can
eventually lead to tissue damage and even death to the host if not controlled.? With
respect to infections acquired during hospitalization, about 60% are caused from
ESKAPE bacteria; these are Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter
species.’

The development of better diagnostic techniques for detecting bacteria is the key
to improving treatment and requires an understanding of the basic biology of bacteria and
their impact on human health. With respect to the former, the cell walls of bacteria are
composed of the crosslinked polysaccharides, peptidoglycans.® Bacteria are classified
into Gram-positive and Gram-negative based on the properties of the cell wall

determined by Gram staining.®> The gram staining process involves treating bacteria with



a crystal violet-iodine complex and safranin counterstain followed by subsequent
treatment with alcohol. Gram positive bacteria have several layers of peptidoglycans and
thick cell walls while Gram-negative bacteria have few layers of peptidoglycans (less
than Gram-positive bacteria) and hence, thinner cell walls.* Furthermore, while Gram-
positive bacteria consist of a thick peptidoglycan layer and capsule on its outer
membrane, Gram-negative bacteria consist of peptidoglycan by its periplasmic space and
phospholipid bilayer, lipopolysaccharide, and capsule on its outer membrane.* Gram-
positive bacteria retain the dye complex and remain purple while the Gram-negative
bacteria decolour.”

Bacteria exist in both planktonic and biofilm states. Planktonic bacteria are free
floating, while biofilms are comprised of a larger group of bacteria that have adhered to a
surface and are encased in an extracellular polymeric membrane.® This polymeric
membrane protects the bacteria in a hostile environment where they become less
susceptible to conventional antibiotic treatments.® As a result, biofilms are difficult to
diagnose and treat in patients. As an example, S. epidermidis and S. aureus are common
hospital-acquired biofilm bacterial species prominent in orthopedic device implants.®
Currently, these types of biofilms are diagnosed through blood tests or indirect
techniques such as X-ray, ultrasound, or magnetic resonance imaging, which are often
inconclusive.

A related and major clinical issue is fever of unknown origin (FUO). It is defined
by an elevated body temperature greater than 38.3 °C that persists more than 3 weeks

without a diagnosis, despite one week of inpatient investigation. One study at Kitasato



University Hospital in Japan showed that FUO accounts for 3% emergency room
admissions and it may be due to a variety of different conditions such as cancer,
autoimmune diseases, inflammatory disorders, or bacterial infections; the most common
(one-third) being the latter.”® FUO diagnosis involves physical examination, blood tests,
and radiographic studies, which often lead to false negative results.® As a result, FUO is
typically treated with broad spectrum antibiotics which may not be necessary, thus
promoting bacterial resistance. Bacterial resistance is emerging as a serious global health
care issue that is caused by overuse of antibiotics.®> Attempts to combat overuse are
actively being pursued to minimize the further development of antibiotic resistant
bacteria.® Beyond unnecessary treatment, prolonged diagnosis times can further
deteriorate the health of patient’s with FUQO.

Infections in the elderly are of particular importance due to age related changes in
their immune function.>*® Seniors with immunosenescence, gradual age related
deterioration of an individual’s immune function, are more prone to acute infections and
autoimmune diseases.’ In many cases, treatment of infections will result in the
development of late onset autoimmune and other inflammatory diseases. Hence, it is
important to accurately discriminate infections from inflammation. Furthermore, better
diagnostic tools are necessary to monitor the progress of treatment.

Biomaterials associated infections (BAI) are also becoming a challenge in
healthcare due to the aging population and increased use of medical implants.'!
Typically, BAls on implants result from bacterial biofilms, which adhere to the surface of

the implanted material where they are less susceptible to the host defense system.***? As



a result, their treatment through conventional techniques becomes a challenge.
Coagulase-negative staphylococci and S. aureus are the most common cause of BAI
hospital-acquired pathogenic infections where they account for two-thirds of prosthetic
joint infections in North America.'**® Driven by FUO and BAI, and that fact that
bacterial infections are among the leading causes of mortality worldwide, there is an

active search for better diagnostic tools for imaging infection.*®

1.2 Current Techniques for Diagnosing Infections and their Limitations

Detection of bacterial infections at an early stage is important for treatments to be
effective.!’” Current techniques such as X-ray, ultrasound (US), computed tomography
(CT), and magnetic resonance imaging (MRI) are only useful at later stages of infection
once it has caused significant tissue damage. Furthermore, these techniques are not
specific for visualizing infections but rather actually show the resulting tissue damage
that has occurred due to the infection. Biomarker and blood tests are also not ideal as they
are generally only effective once infections have spread sufficiently. Nuclear medicine
based imaging techniques such as single photon emission computed tomography
(SPECT) and positron emission tomography (PET) have been used in an attempt to
address some of these issues.

1.3 Nuclear Molecular Imaging

Nuclear medicine imaging involves the administration of radiopharmaceuticals

that allow the visualization, assessment, and measurement of physical, cellular, and



biochemical process in vivo.'* Nuclear techniques have the potential to visualize
infections, directly, at early stages. The two main nuclear medicine imaging techniques
are SPECT and PET. PET and SPECT have high sensitivity, in that radiopharmaceuticals
can be detected using very small quantities of probe, and specificity, which refers to the
differentiation of positive signals from negative ones.'”'® Hybrid imaging systems such
as PET-CT and SPECT-CT, which are now available in nearly all hospitals, generate
both functional and anatomical information from the same study.*®

1.4 Positron Emission Tomography

Radionuclides used for PET are positron emitting. Positrons travel a short
distance through matter where they combine with an electron and undergo an annihilation
process to emit two gamma ray photons of 511 keV. These collinear gamma rays are
detected in coincidence by a ring of detectors that surround the patient.”® Images are
reconstructed to give rise to 3-D or 4-D (time) datasets. PET agents that have been used
for imaging infection have been derived from a variety of different isotopes including
%Ga, F, and %Zr. Examples include '°F-labeled maltohexaose, ®F-labeled

fluorodeoxysorbitol, and *®Ga-citrate which are further described below.?*??

1.4.1 Single Photon Emission Tomography

In contrast to PET, SPECT radionuclides generally emit lower energy gamma
rays which are detected by gamma cameras.'® The gamma camera is rotated around the

patient in small increments to acquire 2-D images from various angles. Subsequently,



tomographic reconstruction is applied to give rise to a 3-D dataset. Transverse, sagittal,
and coronal images can be produced from the dataset.”® The most commonly used
SPECT isotopes are *'Ga, *™Tc, **!In and *#I. Gallium-67 (t12=78.2 h), which was used
in this thesis, decays by electron capture (EC) which results in the production of y-rays
with energies of 93 keV, 184 keV, 300 keV, and 393 keV.*

1.4.2 Current Nuclear Medicine Techniques for Detecting Bacterial Infection

Current nuclear medicine bacterial imaging agents used in clinics include **F-
fluorodeoxyglucose (**F-FDG), ®’Ga-citrate, and **In- or ®™Tc-labeled leukocytes.”*®
The problem with these radiopharmaceuticals is that they are either not specific to
bacterial infections, failing to discriminate bacterial infections from inflammation, or they
have low uptake by bacteria or, in the case of ®’Ga-citrate, the agent exhibits slow
clearance from non-target tissues and therefore require long imaging times. There is a
need to develop radiopharmaceuticals that can selectively target bacterial infections in
vivo. Ideal imaging agents must localize rapidly at the site of infection and clear from
non-infected tissues. Moreover, they must be able to discriminate infection from
inflammation. One approach to creating such compounds is to develop tracers that target

biochemical pathways specific to bacteria.

1.5 Emerging Imaging Techniques for Detecting Bacterial Infection
1.5.1 Targeted Fluorescent Imaging

Optical imaging, more specifically targeted fluorescent imaging (TFLI), is an

emerging imaging technique that allows for direct, non-invasive, and high resolution



imaging of bacteria in humans.'*?® It has also been used for intraoperative bacteria-
specific fluorescence imaging. For example, Oosten et al. used fluorescently labeled
vancomycin (vancomycin-IRDye 800CW) to specifically target and detect Gram-positive
bacteria using optical imaging.'! They demonstrated the specificity and selectivity of the
imaging agent towards Gram-positive bacteria and its ability to discriminate infection
from sterile inflammation using murine and human post-mortem models.

Ning et al. used a maltodextrin-based fluorescent imaging probe (MDP) to detect
metabolically active bacteria in vivo.?” Maltohexaose is a source of glucose for bacteria
and is internalized by the bacteria-specific transporter; therefore, MDPs were used to
target the maltodextrin transport pathway in metabolically active bacteria. Their results
demonstrated that MDPs can discriminate sterile inflammation from active bacteria with
a limit of detection of 10° colony forming units (CFUs).

A major challenge for the clinical implementation of optical techniques results
from attenuation of the signal even with near-infrared fluorescence (NIRF) probes, which
have a maximum tissue penetration of 1 cm.** Therefore, deeply seated infections cannot
be detected non-invasively.'*?® Nevertheless, using the appropriate probe, these
experiments show that it is possible to selectively image specific biomaterials associated
Gram-positive bacteria in vivo.

1.5.2 Magnetic Detection

Magnetic based methods represent an emerging class of techniques to detect
infections. Magnetic detection is sensitive, rapid, and relatively inexpensive.**® Magnetic

detection devices include miniaturized micro nuclear magnetic resonance (LUNMR)



devices, magnetoresistance devices, and Hall effect sensors. For example, Budin et al.
used a magnetic Gram stain approach to tag bacterial infections in vitro.* Crystal violet-
trans-cyclooctene (CV-TCO) was used to label bacteria, which was followed by
treatment with magnetofluorescent nanoparticles (MFNPs) that reacted with the TCO
groups to allow for the imaging of bacteria as a multimodal optical and magnetic imaging
agents. Having shown that TCO tagged bacteria can be prepared, there is the opportunity
to build on this chemistry to develop new in vivo MRI probes for bacteria.

Trans-cyclooctene (TCO) derivatives of vancomycin and daptomycin in place of
Gram stains have also been used as targeting vectors that were subsequently labeled
using MFNP.*® Chung et al. demonstrated the detection of Gram-positive bacteria with
MFNPs using a similar approach which showed two-fold greater sensitivity than with
direct targeting (i.e., linking vancomycin-TCO or daptomycin-TCO to MFNP-tetrazine
prior to incubation with bacteria).®® Furthermore, their results showed vancomycin to
have more effective binding to Gram-positive bacteria than daptomycin, despite their
similar binding mechanism.

1.6 Novel PET and SPECT Agents

The promising results of maltodextrin-based fluorescent imaging probe described
above led to the development of '®F-labeled maltohexaose by Ning et al. to image

12 More

metabolically active bacteria in vivo with high sensitivity and specificity.
recently, *®F-labeled fluorodeoxysorbitol (**F-FDS) was developed by Weinstein et al. to
successfully image Enterobacteriaceae infections in vivo.*® Sorbitol is a substrate that is

specifically metabolized by Enterobacteriaceae and hence, it does not accumulate in
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Gram-positive bacteria, aerobic Gram-negative rod, or mammalian and tumour cells.
These developments notwithstanding, there remains a need to develop molecular imaging
probes to selectively detect bacterial infections in vivo. The ideal imaging agent would
rapidly localize at the site of infection correlating with the type and extent of infection
and clear from non-infected tissues. A viable agent should also be able to discriminate
bacterial infection from sterile inflammation and be useful for both Gram positive and

negative bacteria.

1.7 Radiolabeled Siderophores

Iron is essential for most microorganisms, including bacteria, due to its role in
electron transport and metabolic processes.®! Despite its abundance, Fe(OH)s is insoluble
in aerobic environments; hence, microorganisms have evolved ways to scavenge and take
up iron. Siderophores are low molecular weight compounds released by bacteria, fungi,
and some plants to scavenge for iron from their environment.*! Once bound to Fe**, these
siderophores are then actively taken up by bacteria. Siderophores have a high selectivity
and affinity (K, values up to 10°* M™) towards iron.** For example, the K, values for
DFO and enterobactin are reported to be greater than 10°*° M™ and 10°?M™,

respectively.***® Ga**

has comparable ionic radius, charge, and electronic configuration
to Fe** and thus, it can be used as an iron mimetic.*® More specifically, the ionic radii of
Ga®* and Fe®* are 62 pm and 64.5, respectively. Fortuitously, there are two medical

isotopes of gallium that can be used for SPECT and PET imaging (®’Ga and ®*Ga).



Radiolabeled siderophores have been reported in the literature for potential
applications in imaging infections and fungi.***® Biodistribution, labeling efficacy,
protein binding, and stability has been shown to vary between different siderophores.*
Studies by Petrik et al. revealed that triacetylfusarinine C (TAFC) and ferrioxamine E
(FOXE) (Figure 1.1) have high affinity towards °®Ga, and when complexed exhibit
excellent metabolic stability and high specific uptake in Aspergillus fumigatus, a
pathogenic fungus associated with lung infections.** Moreover, these agents have good
biodistribution profiles in mice models with rapid renal and blood clearance, and low

non-specific binding in other organs.
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\Eo OJ)}”%H;[/OT o) NQJ;}WO

\ i O NH
770 o /O ‘\ZG.a:
OH = N
N HO- \O/ \‘ \Q
C 0 ) (x N
O-._N
T S
Figure 1.1 Structures of TAFC (left) and GaFOXE (right)

Siderophores are also increasingly being used as bifunctional chelators, which are
compounds that have functional groups to chelate a metal and conjugate to a targeting
construct. For example, fusarinine C (FSC), a siderophore-based bifunctional chelator,
can be labeled with ®®Ga resulting in high radiochemical yield over a wide pH range in

the presence of other metal (Fe**, AI**, Zn*") impurities.® It also has 3 free amines which

10



can be used to couple the chelate to a targeting vector, hence making this a suitable agent
for developing molecular imaging probes.®® For example FSC derivatized RGD has been
33,37

reported as a tracer for imaging tumour angiogenesis.

1.8 Desferrioxamine B

Desferrioxamine B, referred to as DFO, is a common bacterial siderophore that is
commercially available. DFO is one of first siderophore based bifunctional chelators to
be radiolabeled with ¢”/%3Ga.*® The binding constant of Fe-DFO is reported to be between
10*° and 10% M, which is expected to be similar for Ga-DFO (Figure 1.2).* This can be
explained by the comparable ionic radii, coordination chemistry, and electronic
confirguration between Fe** and Ga>*.*®* DFO is FDA approved for iron chelation therapy
where the hydroxamates chelate Fe** to form a hexadentate metal complex. A major
challenge of using DFO for imaging infections is its poor pharmacokinetic (PK)
properties in that it is rapidly cleared prior to uptake at the site of infection. If DFO is to
be used as a way to image bacterial infections, PK modification would be necessary,

which is the focus of Chapter 2 of this thesis.
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Figure 1.2 Structures of Fe-DFO (left) and Ga-DFO (right)

In addition to its use as imaging tracers, GaDFO can also be used as a therapeutic
agent.”” Due to the similar properties of Ga** and Fe** and the inability of Ga®* to
undergo redox chemistry in vivo, gallium can compete with iron and interfere with
bacteria’s iron metabolism pathways. As a result, DFO can serve as a means to transport
the toxic gallium to bacterial cells. Banin et al. have shown GaDFO in conjunction with
antibiotics to be more effective at Killing planktonic bacteria and preventing biofilm
formation in vitro and in vivo than the antibiotics alone.*® Because of the aforementioned
issue of poor pharmacokinetic properties, the therapeutic utility of GaDFO is limited. As
a result, the non-radioactive gallium complexes of any promising radiolabeled DFO
derivatives which show improved pharmacokinetics can potentially be used as a way to

enhance the efficacy of antibiotics.
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1.9 Targeting Bacterial Infections using Antibiotics
1.9.1 Antibiotics

Directly targeting bacteria using radiolabeled antibiotics represents an alternative
to siderophore based agents for imaging infections. Antibiotics are the largest class of
targeting vectors for bacterial infections and they offer constructs with high affinity and
specificity towards bacteria.'” Several antibiotics have been radiolabeled to study their
pharmacokinetics and as infection imaging agents. Ciprofloxacin is the most extensively
studied, where *™Tc-ciprofloxacin was developed commercially as an infection imaging
agent.**** However, recent studies have re-examined **"Tc-cirpofloxacin and revealed
this agent to be non-specific towards bacterial infections noting it also accumulates at

sites of inflammation.***® Other radiolabeled antibiotic in literature include B-lactam

47-51 52,53

antibiotics such as cephalosphorins, aminoglycosides, phosphonodipeptides,**

55-57 58-61

glycopeptides, and others.

Many of these antibiotics, like the ciprofloxacin derivatives, are not specific
towards bacterial infection and accumulate at sites of inflammation. In contrast,
vancomycin has been shown to have potential as bacteria specific imaging agent.*!?0°2
As previously noted, vancomycin derivatized with a fluorescent dye has been used to
image bacteria through fluorescence imaging. Unfortunately, clinical translation is

hindered by the limited sensitivity, depth of penetration and difficulties associated with

quantification of fluorescent imaging.®® Nevertheless, it may be possible to build on this
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approach and develop a radiolabeled analogue for use with nuclear medicine based
techniques which is the focus of Chapter 3 of this thesis.

1.10 Objectives and Description of Contributions

Despite reports of new techniques such as magnetic detection and targeted
fluorescent imaging (TFLI), imaging bacterial infections using nuclear medicine
techniques remains an attractive choice because of the potential to achieve high
sensitivity and specificity. This thesis describes two approaches to creating the
radiopharmaceuticals needed to use nuclear imaging methods to image infection where
the first involved the synthesis and radiolabeling of DFO derivatives (Chapter 2). The
second strategy explored the use of radiolabeled antibiotics and bioorthogonal chemistry
to image bacteria through direct and pretargeted techniques (Chapter 3).

The second chapter of this thesis involves the modification of DFO to enhance its
pharmacokinetic properties, which was done in collaboration with a post-doctoral fellow
Dr. Joe loppolo. For clarity, DFO n-hexyl, DFO N-quinoline, DFO n-hexyl carbamate,
and DFO n-hexylamine-Boc carbamate, and DFO n-hexylamine carbamate derivatives
and their respective metal ligands were prepared and characterized by Omid Beiraghi.
Furthermore, radiometal complexes of all DFO ligands described in Chapter 2 was
prepared by the author. The in vivo studies were done by Megan Blacker while the cell
uptake studies were performed by Lisset Llano and Deanna Caldwell.

Chapter 3 describes the use of a ®’GaDFO tetrazine derivative to label a trans-
cyclooctene (TCO)-vancomycin derivative directly and via a two-step pretargeting type

strategy. As a first step, vancomycin norbornene derivatives were prepared to optimize
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the bioorthogonal chemistry prior to working with trans-cyclooctene. The norbornene

and trans-cyclooctene derivatives of vancomycin, DFO ligand and its respective metal

and radiometal complexes were prepared by the author. The in vivo studies were done by

Megan Blacker. The cell uptake studies were done by Lisset Llano and Shannon Czorny.

The fourth chapter of this thesis describes potential future directions and initial

work towards an inverse-electron demand Diels-Alder approach to trigger the release of

Ga/*’GaDFO as dual therapeutic and imaging agents. Precursors as described in the

chapter were synthesized and characterized by the author.
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Chapter 2

Synopsis

The work discussed in chapter 2 is prepared for submission to the journal of Nuclear
Medicine and Biology. This work was done in collaboration with Dr. Joseph loppolo. My
contributions to the work were to synthesize and characterize DFO-n-hexyl, DFO-n-
quinoline, DFO-n-hexyl carbamate, and DFO-n-hexylamine-Boc carbamate, and DFO-n-
hexylamine carbamate derivatives and their respective metal ligands. Furthermore, |
prepared the radiometal complexes of all DFO ligands described herein. Moreover, |
helped prepare the final manuscript. The biological studies were done by Megan Blacker

while the cell uptake studies were done by Lisset Llano and Deanna Caldwell.

2  Abstract: Preparation and screening of gallium-67 labelled deferoxamine

derivatives for imaging bacterial infections

Introduction: Current techniques used to detect and diagnose bacterial infections have
critical limitations and an active search for improved in vivo imaging strategies remains.
One new approach is to prepare radiolabelled siderophores, such as ®’Ga-deferoxamine
(DFO), as analogues of the corresponding iron complexes that are actively and
selectively taken up by bacteria. Unfortunately simple [*/%®Ga]-DFO derivatives clear too

rapidly and do not effectively target sites of infection in vivo. We investigated whether
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DFO derivatives with altered pharmacokinetic properties would still be actively
transported via the bacterial iron sequestering pathway.

Methods: A library of DFO derivatives were synthesized by functionalizing the terminal
amine of DFO, using two convenient carbamate-forming reactions. The corresponding
%’Ga labelled complexes were prepared and their uptake in S. aureus assessed in vitro.
Biodistribution studies on lead compounds were performed in a murine infection model.
Results: °’Ga-DFO derivatives containing alkyl, aromatic or H-bonding substituents were
prepared and isolated in > 90% radiochemical yield and > 95% radiochemical purity.
Bacterial uptake studies in vitro versus DFO revealed that both compounds had
comparable uptake after 24 hours. Blocking studies, using non-radioactive Ga-DFO
showed that the uptake was specific transport via the iron-sequestering pathway.
Biodistribution studies with an ethyl carbamate-DFO derivative in mice with S. aureus
infection in one thigh showed good infected-to-non-infected thigh ratios (11:1), but high
non-specific binding in the Gl tract.

Conclusion: The work reported shows that it is possible to functionalize DFO-type
siderophores and retain active uptake of the ®’Ga-labelled complexes, by bacteria.
Advances in Knowledge and Implications for Patient Care: We have shown that it is
possible to modify DFO and retain the ability of the corresponding ®’Ga complexes to be
taken up by bacteria via the siderophore iron-sequestering pathway. This new knowledge
suggests that it is possible to develop siderophore-based tracers for imaging infection by

targeting a pathway that is unique to bacteria.
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2.1 Introduction

Bacterial infection and antibiotic resistance are global healthcare issues requiring
rapid and accurate diagnosis of infection [1,2]. Nuclear medicine techniques are used
extensively to image infections, with radiolabelled leukocytes as the predominant
diagnostic agent [3,4]. However, this technique is time consuming and creates an
infection hazard to health care providers as well as patients, because blood must be
drawn, separated, labelled and re-injected. Alternative techniques include the use of ®'Ga-
citrate and ®F-2-fluorodeoxyglucose (*|F-FDG) [1]. However both of these
radiopharmaceuticals show poor specificity for infection, because they can also image
tumours and sites of inflammation or elevated glucose metabolism [1,5,6]. In light of
these limitations, there is an active search for new radiopharmaceuticals for imaging
infection [7-10].

One approach is to exploit the mechanism by which bacteria recruit iron from
their environment. Iron is a limiting nutrient for bacteria because human iron-scavenging
proteins maintain free Fe3* concentrations in tissues and blood at extremely low levels
(= 1024 M) [11]. In response, bacteria produce siderophores, which are small molecules
designed to scavenge iron. Siderophores have exceptionally high affinity for Fe3+ (some
with K, = 104 M-1), allowing bacteria to selectively bind the metal and actively transport
the resulting complex. Ga3* has ionic radii similar to Fe3*, and these metals have similar
coordination chemistry and ligand preferences [12]. Consequently, gallium radioisotope
complexes, notably those containing ¢’Ga and 6Ga, can be used as Fe-siderophore

mimetics [13]. The ®’Ga analogue of ferrichrome for example was shown to be taken up
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by the fungus Ustilago sphaerogena, via an active mechanism that was indistinguishable
from ferrichrome [14]. Decristoforo et al. prepared ®®Ga complexes form a series of
siderophores, to use as tools to detect invasive pulmonary aspergillosis, caused by A.
fumigatus; a common airborne fungi [15]. In a rat infection model, uptake into focal
infection sites in the lung was detected using micro PET studies [15].

Of the siderophores available that could be used for bacterial rather than fungal
imaging, deferoxamine (desferrioxamine B, DFO) is one of the most attractive, because it
is used by a wide variety of bacterial species to sequester iron. It is also approved for use
as a pharmaceutical for iron chelation therapy, and its non-radioactive Ga complex was
shown to have potential to enhance anti-pseudomonas treatments [16]. Unfortunately, the
gallium complex of DFO is excreted rapidly, as demonstrated by the prompt
accumulation of ®Ga-DFO in the bladder and nearly complete eliminated within 10 min,
in healthy mice [17,18]. The suboptimal pharmacokinetics limits the utility of ®*Ga-DFO
as a diagnostic agent, and modification of the core structure would be necessary to
develop a viable radiopharmaceutical for imaging infection. One possible approach is to
derivatize DFO, including neutralizing the charge of the pendent amine group, to modify
the clearance route and kinetics. What remains unknown with this approach is the impact
of the substitution on the extent of active transport of the corresponding ®'Ga-DFO
complexes by bacteria. To answer this question, a library of alkyl and aryl DFO
derivatives was prepared, and their ®’Ga complexed derivatives were generated, in order
to determine if functionalized forms of the chelate-metal complex would still be taken up

by the bacterial iron-sequestering pathway.
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2.2 Materials and Methods
2.2.1 Materials and Instrumentation.

Deferoxamine mesylate 1 was purchased from Santa Cruz, USA. All solvents and
reagents were purchased from Sigma-Aldrich and Bioshop Canada (Burlington, ON),
unless otherwise noted, and were used without further purification. Water purified by
reverse osmosis was used for all non-radioactive experiments requiring water.
Compounds 13 and 16 and t-butyl-(6-(((4-nitrophenoxy)carbonyl)oxy)hexyl)carbamate
were prepared according to literature procedures [19-21]. For radiochemistry
experiments, high purity concentrated HCI (35% (w/v), 99.999% trace metal analysis
(Sigma-Aldrich) and ultra-pure water (Millipore Direct-Q3) were used to prepare the
required solutions. ®’GaCls in 0.1 M HCI was purchased from Nordion Inc. (Vancouver,
Canada).

'H and *C nuclear magnetic resonance (NMR) spectra were recorded on a Bruker
Avance 600 instrument (*H: 600 MHz, **C: 151 MHz) at 300 K. NMR chemical shifts (5)
are reported in ppm and coupling constants expressed in Hz. *H and **C NMR spectra
were referenced to residual solvent peaks. IR spectra were recorded on a Nicolet 6700
FT-IR spectrometer. High-resolution ESI mass spectra were collected on a Waters
Micromass Global Q-TOF Ultima mass spectrometer. Melting points were determined
using a Gallenkamp melting point apparatus and are uncorrected. Analytical HPLC was
performed on an Agilent 1100 system equipped with an autosampler, a variable

wavelength UV detector and Bioscan gamma detector connected in series. A
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Phenomenex Gemini column (5 um, 4.6 x 250 mm, C18) fitted with a guard column was
used, employing 0.01 M NH;OAc in H,O and neat MeCN as mobile phases at a flow rate
of 1 mL/min. Radiochemical purity was determined by an integration of peaks in the
HPLC y-trace, and the identity of each radiolabelled product was confirmed by co-
injection with the appropriate non-radioactive (“cold”) gallium analogue. Semi-
preparative HPLC was performed on a Varian Pro-Star system using a Phenomenex
Jupiter C4 column (260 x 10 mm, 5 pm, 300 A) fitted with a guard column at a flow rate
of 4 mL/min. Preparative HPLC was performed on an Agilent 1200 system using a
Phenomenex Gemini-NX column (250 x 21.2 mm, Sum, 100 A) fitted with a guard
column at a flow rate of 20 mL/min. Preparative, semi-preparative and analytical HPLC
were performed using acetonitrile and water in the following gradients: Method A: 0—5
min 10% MeCN, 5-20 min 10-60% MeCN, 20—22 min 60% MeCN, 22-23 min
60—10% MeCN, 23—30 min 10% MeCN. Method B: 0—5 min 5% MeCN, 5-20 min
5-60% MeCN, 20-22 min 60% MeCN, 22—23 min 60—5% MeCN, 23-30 min 5%
MeCN. Method C: 0—5 min 10% MeCN, 5-20 min 10-50% MeCN, 20—22 min 50%

MeCN, 22-23 min 50—10% MeCN, 23—30 min 10% MeCN.

2.2.2 Chemical Synthesis:
2.2.2.1 General procedure for preparation of 2-7 and 9
A solution of DFO (1) and i-Pr2EtN (1:2 mol ratio) in DMF (2 mL) was prepared

with stirring at 90 °C. The required alkyl chloroformate (1 eq.) was then added in one
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portion and the solution stirred at 90 °C overnight. The desired product was isolated by
semi-preparative or preparative HPLC (elution method A). Following concentration to
dryness, the resulting residue was re-suspended in MeCN (5 mL), filtered, and the residue
washed with H20 (3 x 1 mL). The isolated material was dried under vacuum filtration as
a colourless solid.

2.2.2.2 Deferoxamine methyl carbamate (2)

Compound 2 was prepared from 1 (102 mg, 0.15 mmol) according to the general
procedure in 38% yield (36 mg, 0.058 mmol). *H NMR (600 MHz, DMSO-dg) & 9.61 (br
m, 3H), 7.77 (br m, 2H), 7.01 (br m, 1H), 3.50 (s, 3H), 3.45 (m, 6H), 3.00 (m, 4H), 2.93
(m, 2H), 2.57 (m, 4H), 2.27 (m, 4H), 1.96 (s, 3H), 1.49 (m, 6H), 1.38 (m, 6H), 1.21 (m,
6H); **C NMR (150 MHz, DMSO-dg) 5 172.0, 172.0, 171.3, 171.3, 170.1, 156.7, 51.1,
47.1,47.1, 46.8, 40.2, 38.4, 38.4, 29.9, 29.9, 29.1, 28.8, 28.8, 27.6, 27.6, 26.0, 26.0, 26.0,
23.5, 23.5, 23.4, 20.3; IR (KBr pellet) 3432, 3309, 2930, 2857, 1693, 1621, 1564 cm ';
HRMS-ESI (m/z): [M+H]" calcd for C27Hs51NsO10: 619.3667, absd 619.3666. tr (Method
B) 15.9 min; M.p. 145—147 °C.

2.2.2.3 Deferoxamine ethyl carbamate (3)

Compound 3 was prepared from 1 (157 mg, 0.24 mmol) according to the general
procedure in 43% vyield (64.7 mg, 0.10 mmol). *H NMR (600 MHz, DMSO-ds) & 9.60 (br
m, 3H), 7.76 (br m, 2H), 7.01 (br m, 1H), 3.95 (g, J = 7.1 Hz, 2H), 3.45 (m, 6H), 3.00 (m,
4H), 2.93 (m, 2H), 2.57 (M, 4H), 2.26 (M, 4H), 1.93 (s, 3H), 1.49 (m, 6H), 1.38 (m, 6H),

1.21 (m, 6H), 1.14 (t, J = 7.1 Hz, 3H); *C NMR (150 MHz, DMSO-dg) 5 172.0, 172.0,
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171.3, 171.3, 170.1, 156.2, 59.4, 47.1, 47.1, 46.8, 40.0, 38.4, 38.4, 29.9, 29.9, 29.1, 28.8,
28.8, 27.6, 27.6, 26.0, 26.0, 26.0, 23.5, 23.5, 23.4, 20.4, 14.7; IR (KBr pellet) 3311, 3148,
2930, 2857, 1688, 1622, 1565 cm'; HRMS-ESI (m/z): [M+H]" calcd for CpgHs3NgOx0:
633.3823, obsd 633.3813. tg (Method B) 16.7 min; M.p. 153—155 °C.

2.2.2.4 Deferoxamine n-propyl carbamate (4)

Compound 4 was prepared from 1 (148 mg, 0.23 mmol) according to the general
procedure in 37% yield (54.7 mg, 0.085 mmol). *H NMR (600 MHz, DMSO-ds) & 9.59
(br m, 3H), 7.76 (br m, 2H), 7.02 (br m, 1H), 3.86 (t, J = 6.6 Hz, 2H), 3.45 (m, 6H), 3.00
(m, 4H), 2.96 (m, 2H), 2.57 (m, 4H), 2.27 (m, 4H), 1.96 (s, 3H), 1.54 (m, 2H), 1.49 (m,
6H), 1.38 (m, 6H), 1.21 (m, 6H), 0.86 (t, J = 7.5 Hz, 3H); *C NMR (150 MHz, DMSO-
ds) & 172.0, 172.0, 171.3, 171.3, 170.1, 156.3, 65.0, 47.1, 47.1, 46.8, 40.1, 38.4, 38.4,
29.9, 29.9, 29.1, 28.8, 28.8, 27.6, 27.6, 26.0, 26.0, 26.0, 23.5, 23.5, 23.4, 22.1, 20.3, 10.3;
IR (KBr pellet) 3430, 3322, 3131, 2931, 2863, 1687, 1650, 1623, 1597 cm'; HRMS-ESI
(m/z): [M+H]" caled for CygHssNgO1o: 647.3980, obsd 647.3976. tr (Method B) 19.5
min; M.p. 147-150 °C.

2.2.2.5 Deferoxamine i-propyl carbamate (5)

Compound 5 was prepared from 1 (197 mg, 0.30 mmol) according to the general
procedure in 30% yield (59 mg, 0.091 mmol). *H NMR (600 MHz, DMSO-dg) & 9.63 (br
m, 1H), 9.59 (br m, 2H), 7.76 (br m, 2H), 6.94 (br m, 1H), 4.72 (m, 1H), 3.45 (m, 6H),
3.00 (m, 4H), 2.92 (m, 2H), 2.57 (M, 4H), 2.27 (m, 4H), 1.96 (s, 3H), 1.49 (m, 6H), 1.38

(m, 6H), 1.21 (m, 6H), 1.14 (d, J = 6.0 Hz, 6H); *C NMR (150 MHz, DMSO-dg) & 172.0,
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172.0,171.3,171.3,170.1, 155.9, 66.4, 47.1, 47.1, 46.8, 40.0, 38.4, 38.4, 29.9, 29.9, 29.1,
28.8, 28.8, 27.6, 27.6, 26.0, 26.0, 26.0, 23.5, 23.5, 23.4, 22.1, 20.3; IR (KBr pellet) 3311,
2930, 2859, 1684, 1621, 1564 cm '; HRMS-ESI (m/z): [M+H]" calcd for CagHssNgO1o:
647.3980, obsd 647.3978. tr (Method B) 17.5 min; M.p. 143—145 °C.

2.2.2.6 Deferoxamine n-butyl carbamate (6)

Compound 6 was prepared from 1 (164 mg, 0.25 mmol) according to the general
procedure in 30% yield (49 mg, 0.074 mmol). 'H NMR (600 MHz, DMSO-dg) & 9.60 (br
m, 3H), 7.76 (br m, 2H), 7.01 (br m, 1H), 3.91 (t, J = 6.9 Hz, 2H), 3.44 (m, 6H), 3.00 (m,
4H), 2.93 (m, 2H), 2.57 (m, 4H), 2.27 (m, 4H), 1.96 (s, 3H), 1.49 (m, 8H), 1.38 (m, 6H),
1.31 (m, 2H), 1.21 (m, 6H), 0.88 (t, J = 7.2 Hz, 3H); *C NMR (150 MHz, DMSO-ds) &
172.0, 172.0, 171.3, 171.3, 170.1, 156.3, 63.2, 47.1, 47.1, 46.8, 40.1, 38.4, 38.4, 30.8,
29.9, 29.9, 29.1, 28.8, 28.8, 27.6, 27.6, 26.0, 26.0, 26.0, 23.5, 23.5, 23.3, 20.3, 18.6, 13.6;
IR (KBr pellet) 3322, 3130, 2932, 2864, 1686, 1652, 1623, 1597 cm™'; HRMS-ESI (m/z):
[M+H]" caled for CsoHs7NgO10: 661.4136, obsd 661.4133. tz (Method B) 18.6 min; M.p.
153 °C.

2.2.2.7 Deferoxamine i-butyl carbamate (7)

Compound 7 was prepared from 1 (229 mg, 0.35 mmol) according to the general
procedure in 35% yield (81 mg, 0.12 mmol). *H NMR (600 MHz, DMSO-ds) & 9.60 (br
m, 3H), 7.76 (br m, 2H), 7.03 (br m, 1H), 3.70 (d, J = 6.6 Hz, 2H), 3.45 (m, 6H), 3.00 (m,
4H), 2.94 (m, 2H), 2.57 (M, 4H), 2.27 (m, 4H), 1.96 (s, 3H), 1.81 (m, 1H), 1.49 (m, 6H),

1.38 (m, 6H), 1.21 (m, 6H), 0.86 (d, J = 6.6 Hz, 6H); *C NMR (150 MHz, DMSO-ds)
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172.0, 172.0, 171.3, 171.3, 170.1, 156.4, 69.6, 47.1, 47.1, 46.8, 40.1, 38.4, 38.4, 29.9,
29.9, 29.1, 28.8, 28.8, 27.7, 27.6, 27.6 26.0, 26.0, 26.0, 23.5, 23.5, 23.3, 20.3, 18.9; IR
(KBr pellet) 3323, 3131, 2944, 2864, 1686, 1651, 1624, 1598 cm™'; HRMS-ESI (m/z):
[M+H]" caled for CaoHs7NgO1o: 661.4136, obsd 661.4146. tr (Method B) 18.5 min; M.p.
152 °C.

2.2.2.8 Deferoxamine Boc (8)

Compound 8 was produced using a published protocol [22]. A solution of 1 (157
mg, 0.24 mmol) and i-Pr,EtN (83.3 pL, 0.48 mmol) in DMF (2 mL) was prepared by
stirring at 90 °C. Then, a solution of Boc,O (67.9 mg, 0.31 mmol) in DMF (2 mL) was
added in one portion and the mixture stirred at this temperature for 18.5 h. The solvent
was removed by rotary evaporation and the residue that remained was suspended in
chilled MeCN (20 mL). The insoluble material was collected by filtration, washed with
MeCN (3 x 1 mL) and air-dried under vacuum filtration to obtain 8 in 92% vyield as a
colourless powder (146 mg, 0.22 mmol). *H NMR (600 MHz, DMSO-dg) & 9.63 (br m,
1H), 9.59 (br m, 2H), 7.76 (br m, 2H), 6.74 (br m, 1H), 3.45 (m, 6H), 3.00 (m, 4H), 2.87
(m, 2H), 2.57 (m, 4H), 2.27 (m, 4H), 1.96 (s, 3H), 1.49 (m, 6H), 1.39 (m, 6H), 1.36 (s,
9H), 1.21 (m, 6H); *C NMR (150 MHz, DMSO-dg) & 172.0, 172.0, 171.3, 171.3, 170.1,
155.6, 77.3, 47.1, 47.1, 46.8, 39.7, 38.4, 38.4, 29.9, 29.9, 29.1, 28.8, 28.8, 28.3, 27.6,
27.6, 26.0, 26.0, 26.0, 23.5, 23.5, 23.4, 20.3; IR (KBr pellet) 3368, 3322, 3145, 2934,
2863, 1688, 1652, 1626, 1603 cm'; HRMS-ESI (m/z): [M+H]" calcd for C3oHs7NgO1o:

661.4136, obsd 661.4138. tr (Method B) 18.3 min; M.p. 124 °C.
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2.2.2.9 Deferoxamine n-hexyl carbamate (9)

Compound 9 was prepared from 1 (149 mg, 0.23 mmol) according to the general
procedure in 38% yield (60 mg, 0.087 mmol). *H NMR (600 MHz, DMSO-dg) & 9.60 (br
m, 3H), 7.76 (br m, 2H), 7.01 (br m, 1H), 3.90 (t, J = 6.6 Hz, 2H), 3.45 (m, 6H), 3.00 (m,
4H), 2.93 (m, 2H), 2.57 (m, 4H), 2.27 (m, 4H), 1.96 (s, 3H), 1.49 (m, 8H), 1.38 (m, 6H),
1.26 (m, 6H), 1.21 (m, 6H), 0.86 (t, J = 6.9 Hz, 3H); *C NMR (150 MHz, DMSO-ds) &
172.0, 172.0, 171.3, 171.3, 170.1, 156.3, 63.5, 47.1, 47.1, 46.8, 40.1, 38.4, 38.4, 30.9,
29.9, 29.9, 29.1, 28.8, 28.8, 28.7, 27.6, 27.6, 26.0, 26.0, 26.0, 25.0, 23.5, 23.5, 23.3, 22.0,
20.3, 13.9; IR (KBr pellet) 3433, 3321, 3133, 2931, 2863, 1686, 1651, 1624, 1598 cm ';
HRMS-ESI (m/z): [M+H]" calcd for C33Hs1NsO10: 689.4449, obsd 689.4464. tr (Method
B) 20.6 min; M.p. 154 °C.

2.2.2.10 Deferoxamine n-hexylamine-Boc carbamate (10)

A solution of 1 (354 mg, 0.54 mmol) and i-Pr,EtN (188 uL, 1.1 mmol) in DMF (5
mL) was prepared by stirring at 90 °C. t-Butyl-(6-(((4-
nitrophenoxy)carbonyl)oxy)hexyl)carbamate [19] (227 mg, 0.59 mmol) was then added
in one portion and the solution stirred at this temperature overnight. The mixture was
allowed to cool to room temperature and purified by preparative HPLC to obtain 10 in
74% vyield as a colourless powder (320 mg, 0.40 mmol). *H NMR (600 MHz, DMSO-ds)
0 9.60 (br m, 3H), 7.76 (br m, 2H), 7.01 (br m, 1H), 6.74 (br m, 1H), 3.89 (t, ] = 6.7, 2H),
3.45 (m, 6H), 3.00 (m, 4H), 2.93 (m, 2H), 2.88 (m, 2H), 2.57 (m, 4H), 2.26 (m, 4H), 1.96

(s, 3H), 1.49 (m, 8H), 1.38 (m, 8H), 1.36 (s, 9H), 1.22 (m, 10H); *C NMR (150 MHz,
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DMSO-dg) 6 172.0, 172.0, 171.3, 171.3, 170.1, 156.3, 155.6, 63.5, 77.3, 47.1, 47.1, 46.8,
40.1, 39.8, 38.4, 38.4, 29.9, 29.9, 29.4, 29.1, 28.8, 28.8, 28.7, 28.3, 27.6, 27.6, 26.0, 26.0,
26.0, 26.0, 25.1, 23.5, 23.5, 23.3, 20.3; IR (KBr pellet) 3323, 3134, 2931, 2863, 1689,
1652, 1624, 1598 cm '; HRMS-ESI (m/z): [M+H]" calcd for Cs;H7oN;O1,: 804.5082,
obsd 804.5059. tr (Method B) 20.7 min; M.p. 145 °C.

2.2.2.11 Deferoxamine n-hexylamine carbamate (11)

To a stirred solution of 10 (72.0 mg, 0.090 mmol) in DMSO (3.4 mL) at room
temperature was added concentrated phosphoric acid (85%, 3.4 mL). The mixture was
stirred for 1.5 h. An additional portion of phosphoric acid was added (85%, 3.4 mL) and
the mixture stirred at room temperature for an additional 1.5 h. The mixture was diluted
to 500 mL with water and then passed through a Waters C18 Sep-Pak cartridge. The
cartridge was washed with water (30 mL) and the product eluted with MeOH (30 mL).
The MeOH solvent was partially removed by rotary evaporation (ca. 2 mL remaining)
then triturated with chilled Et,O (5 mL). The fine precipitate that formed was collected
by filtration and air-dried under vacuum filtration to obtain 11 in 58% yield as an off-
white powder (37 mg, 0.052 mmol). *H NMR (600 MHz, DMSO-ds) & 7.82 (br m, 2H),
7.03 (br m, 1H), 3.91 (m, 2H), 3.45 (m, 6H), 2.99 (M, 4H), 2.93 (m, 2H), 2.61 (br m, 2H),
2.57 (m, 4H), 2.27 (m, 4H), 1.96 (s, 3H), 1.49 (m, 8H), 1.44 (m, 2H), 1.38 (m 6H), 1.28
(m, 4H), 1.21 (m, 6H) (NOH and NH; not observed); **C NMR (150 MHz, DMSO-ds) &
171.9, 171.9, 171.3, 171.3, 170.1, 156.3, 63.4, 47.1, 47.1, 46.8, 40.1, 39.9, 38.4, 38.4,
30.0, 30.0, 29.6, 29.1, 28.8, 28.8, 28.7, 27.6, 27.6, 26.0, 26.0, 26.0, 25.9, 25.2, 23.5, 23.5,

23.4, 20.3; IR (KBr pellet) 3429, 3309, 2930, 2857, 1689, 1621, 1566 cm '; HRMS-ESI
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(m/z): ['\/H‘H]Jr calcd for C3oHg2N-O1p: 7044558, obsd 704.4526. tr (Method B) 15.9
min; M.p. >205 °C (decomp.).

2.2.2.12 Deferoxamine Cbz (12)

Compound 12 was produced using a published protocol [23]. A solution of 1
(55.2 mg, 0.084 mmol) and i-Pr2EtN (29 uL, 0.48 mmol) in DMF (2 mL) was prepared
by stirring at 90 °C. Then, benzyl 4-nitrophenyl carbonate (25 mg, 0.092 mmol) was
added in one portion and the solution stirred at this temperature for 24 h. The solvent was
removed by rotary evaporation and the residue that remained was resuspended in MeCN
(1 mL). The insoluble material was collected by filtration, washed with MeCN (3 x 1
mL) dried by vacuum filtration to obtain 12 in 93% yield as a colourless powder (51 mg,
0.078 mmol). *H NMR (600 MHz, DMSO-ds) & 9.63 (br m, 1H), 9.59 (br m, 2H), 7.76
(br m, 2H), 7.34 (m, 4H), 7.30 (m, 1H), 7.22 (br m, 1H), 5.00 (s, 2H), 3.45 (m, 6H), 2.99
(m, 4H), 2.96 (m, 2H), 2.57 (m, 4H), 2.27 (m, 4H), 1.96 (s, 3H), 1.49 (m, 6H), 1.38 (m,
6H), 1.21 (m, 6H); *C NMR (150 MHz, DMSO-ds) & 172.1, 172.1, 171.5, 171.5, 170.3,
156.2, 137.4, 128.4, 127.8, 127.8, 65.2, 47.2, 47.2, 46.9, 40.3, 38.6, 38.6, 30.0, 30.0, 29.2,
28.9, 28.9, 27.7, 27.7, 26.1, 26.1, 26.1, 23.6, 23.6, 23.5, 20.4; IR (KBr pellet) 3321, 3135,
2930, 2861, 1685, 1622 cm'; HRMS-ESI (m/z): [M+H]" calcd for Cs3HssNgOao:
695.3980, obsd 695.3994. t (Method B) 19.0 min; M.p. 133—136 °C.

2.2.2.13 Deferoxamine N-succinyl-N-ciprofloxacin (15)

Compound 15 was produced using a published protocol [24]. A solution of

Ciprofloxacin (14) (51.7 mg, 0.16 mmol) and i-Pr,EtN (54.4 uL, 0.31 mmol) in water (4
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mL) was prepared and stirred for 15 min at room temperature. A solution of 13 (102 mg,
0.15 mmol) and PyBOP (104 mg, 0.20 mmol) in DMSO (4 mL) was prepared and the
mixture stirred for 15 min at room temperature [20]. The ciprofloxacin / i-Pr,EtN solution
was added to the DFO-n-succinic acid / PyBOP solution and stirred for 1 h at 90 °C. The
reaction mixture was diluted 1:10 with water and then passed through a Waters C18 Sep-
Pak cartridge. The cartridge was washed with water (20 mL) and the product eluted with
MeCN (20 mL). The solvent was removed to give a colourless residue which was further
purified by semi-preparative HPLC to obtain 15 in 15% vyield as a colourless powder
(23.1 mg, 0.024 mmol). *H NMR (600 MHz, DMSO-dg) & 9.65 (br m, 1H), 9.61 (br m,
2H), 8.66 (s, 1H), 7.92 (m, 1H), 7.80 (m, 1H), 7.77 (m, 2H), 7.57 (m, 1H), 3.82 (m, 1H),
3.69 (m, 4H), 3.45 (m, 6H), 3.4-3.3 (br m, 4H), 3.00 (m, 6H), 2.58 (M, 6H), 2.34 (m, 2H),
2.26 (m, 4H), 1.96 (s, 3H), 1.49 (m, 6H), 1.38 (m, 6H), 1.33 (m, 2H), 1.19 (m, 6H), 1.19
(m, 2H); °F NMR (564 MHz, DMSO-dg) & -121.8; IR (KBr pellet) 3438, 3307, 2929,
2857, 1625, 1567, 1461 cm™; HRMS-ESI (m/z): [M+H]* calcd for CssHegNgOas:
974.4999, obsd 974.5014. tr (Method B) 18.3 min; M.p. 170-173 °C.

2.2.3 Preparation of non-radioactive Ga complexes
2.2.3.1 General procedure for preparation of 17-28.

A 30 mM solution of the modified DFO ligand (2-12, 15) (1 eqg.) in DMSO or
DMF was prepared. To this was added an aqueous solution of Ga(NO3); (30 mg/mL, 3
equiv.) in 1M sodium acetate buffer (pH 5). The solution was stirred for 30 min at 60 °C

and then room temperature overnight. The mixture was diluted 10 fold with water or 1M
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Na,CO3 (pH 9), loaded on to a Waters C18 Sep-Pak cartridge and washed with water (30
mL). The desired product was eluted with MeCN (10 mL) and the solvent was removed
under a gentle stream of N gas.

2.2.3.2 Ga-deferoxamine-methyl carbamate (17)

Compound 21 was prepared from 2 (15.4 mg, 0.025 mmol) using the general
procedure in 88% vyield (14.9 mg, 0.022 mmol). *H NMR (600 MHz, DMSO-dg) 6 7.7-
7.5 (br m, 2H), 7.08 (m, 1H), 4.0-0.9 (overl br m, 36H), 3.50 (s, 3H), 2.96 (m, 2H), 2.03
(s, 3H); IR (KBr pellet) 3432, 2931, 1705, 1652, 1594, 1555, 1458 cm'; HRMS-ESI
(m/z): [M+H]" calcd for Cy;H4sNsO10Ga: 685.2688, obsd 685.2691; tr (Method B) 14.6
min.

2.2.3.3 Ga-deferoxamine-ethyl carbamate (18)

Compound 18 was prepared from 3 (17.2 mg, 0.027 mmol) using the general
procedure in 94% vyield (17.9 mg, 0.026 mmol). *H NMR (600 MHz, DMSO-dg) 6 7.7-
7.5 (br m, 2H), 7.03 (m, 1H), 4.0-0.9 (overl br m, 36H), 3.96 (q, J = 7.2 Hz, 2H), 2.95 (m,
2H), 2.03 (s, 3H), 1.14 (t, J = 7.2 Hz, 3H); IR (KBr pellet) 3437, 2933, 1699, 1652, 1594,
1555, 1458 cm™'; HRMS-ESI (m/z): [M+H]" calcd for CasHsoNgO10Ga: 699.2844, obsd
699.2855; tg (Method B) 15.3 min.

2.2.3.4 Ga-deferoxamine-n-propyl carbamate (19)

Compound 19 was prepared from 4 (21.9 mg, 0.034 mmol) using the general
procedure in 98% vyield (23.7 mg, 0.033). *H NMR (600 MHz, DMSO-dg) 6 7.7-7.5 (br

m, 2H), 7.04 (m, 1H), 4.0-0.9 (overl br m, 36H), 3.87 (t, J = 6.6 Hz, 2H), 2.95 (m, 2H),
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2.03 (s, 3H), 1.54 (m, 2H), 0.87 (t, J = 7.8 Hz, 3H): IR (KBr pellet) 3428, 2935, 1652,
1592, 1456 cm '; HRMS-ESI (m/z): [M+H]" calcd. for CooHs,NsO10Ga: 713.3001, found
713.3006; tg (Method B) 17.7 min.

2.2.3.5 Ga-deferoxamine-i-propyl carbamate (20)

Compound 20 was prepared from 5 (14.5 mg, 0022 mmol) using the general
procedure in 95% vyield (15.3 mg, 0.021). *H NMR (600 MHz, DMSO-dg) 6 7.7-7.5 (br
m, 2H), 6.95 (m, 1H), 4.72 (m, 1H), 4.0-0.9 (overl br m, 36H), 2.94 (m, 2H), 2.03 (s, 3H),
1.14 (d, J = 6.6 Hz, 6H); IR (KBr pellet) 3437, 2933, 1652, 1594, 1458 cm™'; HRMS-ESI
(m/z): [M+H]" calcd for CgHs2NsO10Ga: 713.3001, obsd 713.3009; tr (Method B) 16.3
min.

2.2.3.6 Ga-deferoxamine-n-butyl carbamate (21)

Compound 21 was prepared from 6 (9.9 mg, 0.015 mmol) using the general
procedure in 87% yield (9.5 mg, 0.013 mmol). *H NMR (600 MHz, DMSO-dg) J 7.7-7.5
(br m, 2H), 7.03 (m, 1H), 4.0-0.9 (overl br m, 36), 3.91 (t, J = 6.6 Hz, 2H), 2.94 (m, 2H),
2.03 (s, 3H), 1.50 (m, 2H), 1.32 (m, 2H), 0.88 (t, J = 7.8 Hz, 3H). IR (KBr pellet) 3436,
2933, 1700, 1653, 1594, 1458 cm'; HRMS-ESI (m/z): [M+H]" calcd. for
C3oHs4NgO10Ga: 727.3157, obsd 727.3167; tr (Method B) 17.6 min.

2.2.3.7 Ga-deferoxamine-i-butyl carbamate (22)

Compound 22 was prepared from 7 (13.9 mg, 0.021 mmol) using the general
procedure in 73% vyield (11.1 mg, 0.015 mmol). *H NMR (600 MHz, DMSO-dg) 6 7.7-

7.5 (br m, 2H), 7.05 (m, 1H), 4.0-0.9 (overl br m, 36H), 3.70 (d, J = 6.6 Hz, 2H), 2.96 (m,
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2H), 2.03 (s, 3H), 1.81 (m, 1H), 0.86 (d, J = 6.6 Hz, 6H). IR (KBr pellet) 3434, 2932,
1700, 1653, 1594, 1459 cm'; HRMS-ESI (m/z): [M+H]" calcd for CzoHs4sNgO10Ga:
727.3157, obsd 727.3176; tr (Method B) 17.5 min.

2.2.3.8 Ga-deferoxamine-Boc (23)

Compound 23 was prepared from 8 (52.7 mg, 0.080 mmol) using the general
procedure in 91% vyield (53 mg, 0.073 mmol). *H NMR (600 MHz, DMSO-dg) 6 7.7-7.5
(br m, 2H), 6.75 (m, 1H), 4.0-0.9 (overl br m, 36H), 2.90 (m, 2H), 2.03 (s, 3H), 1.37 (s,
9H). IR (KBr pellet) 3435, 2933, 1649, 1592, 1454 cm '; HRMS-ESI (m/z): [M+H]"
calcd for C3oHs4NsO19Ga: 727.3157, obsd 727.3163; tr (Method B) 17.2 min.

2.2.3.9 Ga-deferoxamine-n-hexyl carbamate (24)

Compound 24 was prepared from 9 (12.5 mg, 0.018 mmol) using the general
procedure in 51% vyield (6.9 mg, 0.0091 mmol). *H NMR (600 MHz, DMSO-dg) 6 7.1-
6.7 (br m, 2H), 6.4-6.2 (br m, 1H), 4.5-1.5 (overl br m, 46H), 2.62 (s, 3H), 4.51 (m, 2H),
1.45 (m, 3H). IR (KBr pellet) 3435, 2930, 1653, 1594, 1458 cm '; HRMS-ESI (m/2):
[M+H]" calcd for C3,HsgNgO10Ga: 755.3470, obsd 755.3483; tg (Method B) 19.8 min.

2.2.3.10 Ga-deferoxamine-n-hexylamine-Boc carbamate (25)

Compound 25 was prepared from 10 (19.1 mg, 0.024 mmol) using the general
procedure in 92% vyield (19.2 mg, 0.022 mmol). *H NMR (600 MHz, DMSO-dg) 6 7.7-
7.5 (br m, 2H), 7.02 (m, 1H), 6.75 (m, 1H), 4.0-0.9 (overl br m, 44H), 3.90 (t, J = 6.6 Hz,

2H), 2.95 (m, 2H), 2.88 (M, 2H), 2.07 (s, 3H), 1.36 (s, 9H). IR (KBr pellet) 3434, 2932,
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1699, 1652, 1595 cm'; HRMS-ESI (m/z): [M+H]" calcd for Cs;Hes7N701,Ga: 870.4104,
obsd 870.4120; tg (Method B) 20.2 min.

2.2.3.11 Ga-deferoxamine-n-hexylamine carbamate (26)

Compound 26 was prepared from 11 (11.4 mg, 0.016 mmol) using the general
procedure in 44% vyield (5.5 mg, 0.0071 mmol). *H NMR (600 MHz, DMSO-dg) 6 7.7-
7.5 (br m, 2H), 7.04 (m, 1H), 4.0-0.9 (overl br m, 44H), 2.03 (s, 3H), 2.95 (m, 2H), 3.91
(t, J =6.6 Hz, 2H), 2.62 (t, J = 7.2 Hz, 2H). (Note: NH; not obsd). IR (KBr pellet) 3439,
2934, 1652, 1595, 1457 cm'; HRMS-ESI (m/z): [M+H]" calcd for CsHsoN;O10Ga:
770.3579, obsd 770.3593; tr (Method B) 14.3 min.

2.2.3.12 Ga-deferoxamine-Cbz carbamate (27)

Compound 27 was prepared from 12 (47.3 mg, 0.068 mmol) using the general
procedure in 40% vyield (20.5 mg, 0.027 mmol). *H NMR (600 MHz, DMSO-dg) & 7.9-
7.5 (br m, 2H), 7.4-7.3 (m, 5H), 7.23 (br m, 1H), 5.00 (s, 2H), 4.0-0.9 (overl br m, 36H),
2.99 (m, 2H), 2.02 (s, 3H). IR (KBr pellet) 3422, 2932, 1705, 1652, 1594, 1457 cm ';
HRMS-ESI (m/z): [M+H]" calcd for CasHs:NgO10Ga: 761.3000, obsd 761.3013; tg
(Method B) 18.1 min.

2.2.3.13 Ga-deferoxamine-ciprofloxacin (28)

Compound 28 was prepared from 15 (8.0 mg, 0.0083 mmol) using the general
procedure reported by Lewis et al. in 95% yield (8.2 mg) [?°]. *H NMR (600 MHz,
DMSO-ds) ¢ 8.67 (s, 1H), 7.93 (m, 1H), 7.81 (m, 1H), 7.58 (m, 1H), 7.7-7.5 (br m, 2H),

4.0-0.9 (overl br m, 55H), 2.03 (s, 3H). IR (KBr pellet) 3439, 2924, 1629, 1473 cm';
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HRMS-ESI (m/z): [M+H]" calcd for CssHesNoO13FGa: 1040.4020, obsd 1040.3971; tg
(Method B) 18.5 min.

2.2.4 Determination of log D

The log D values for formulations of ®’Ga-16-28 were determined using the

“shake-flask” method [26], (Table 1).

2.2.5 Uptake of °’Ga-DFO and ®’Ga-DFO derivatives by S. aureus, in vitro.

A scratch from a 20% glycerol preservation culture of S. aureus (ATCC25923)
was grown for up to 24 h at 37 °C, with shaking, in 45 mL of iron-deficient Tris-Minimal
Succinate (TMS) medium [27]. The ODgg Value of the S. aureus culture was determined,
then aliquots (normally 3.5 to 4.5 mL) were pelleted by centrifugation at 12,500 x g for
1 min, resuspended once in iron-deficient TMS, pelleted again, then resuspended in
4.5 mL of the appropriate medium (see below) to give an ODgg value of 2.0. Media for
uptake were prepared by adding ®’Ga-DFO, or one of the ®’Ga-labelled DFO derivatives,
to 5 mL of iron-deficient TMS. For blocking assays, non-radioactive Ga-DFO 16, with a
final concentration of 50 uM, was added to TMS along with the labelled complex.
Uptake was initiated by resuspending the bacteria in the media containing the ®’Ga
derivatives.

During the uptake assays, the S. aureus cultures were incubated at 37 °C with
shaking at 300 rpm for up to 24 h. Every hour from 0 to 6 h and at 24 h, a 500 pL aliquot

was removed and centrifuged at 12,500 x g for 1 min. Ensuring that the bacterial pellet
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was not disturbed, 480 pL of supernatant was collected into a 12 x 55 mm Ria plastic test
tube (PerkinElmer). The pellet was washed with 500 pL ice-cold PBS and centrifuged at
12,500 x g for 1 min. Again, ensuring that the pellet was not disturbed, 500 pL of
supernatant was collected into the same Ria test tube. The pellet was resuspended in
400 pL of 5% (w/v) SDS, and allowed to lyse for 30-45 min at room temperature. A
300 pL aliquot of lysed pellet was transferred to a separate Ria test tube for counting. The
remaining lysed pellet was frozen at —20 °C for later protein assays. All Ria test tubes
were counted for 1 min using Wizard 1470 Automatic Gamma Counter (PerkinElmer) at
the end of the assay. Uptake and blocking assays for each ®’Ga-labelled compound were
performed in duplicate. Uptake was expressed as the percentage (%) of the activity
found in the pellet compared to the total activity:

cpm(pellet) 100

0 take = X
%o uptake (cpm(pellet) + cpm(supernatant))

In order to account for cell growth during the assay, uptake was normalized to the protein
concentration, and expressed as % uptake/ug protein. The frozen lysed pellet was thawed
at room temperature and protein concentrations were determined following
manufacturer’s instructions, using Pierce'™ BCA Protein Assay Kit, with BSA as a
protein standard. The protein concentration in each pellet was determined in triplicate.

2.2.6 Plasma Protein Binding and In vitro Stability Studies

In order to determine stability in plasma and protein binding characteristics, a
sample of °’Ga-27 (100 pL, 6.03 MBq) was added to pooled mouse plasma containing

Na-Heparin (900 puL) in a 1.5 mL centrifuge tube and incubated at 37 °C. Att =1, 5, 15,
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and 30 min, and 1, 2, 3, and 4 h a sample (100 pL) was taken and added to a
microcentrifuge tube containing ice-chilled MeCN (200 pL). The tube was agitated by
vortex for 10 sec and the sample separated by centrifugation (20,800 x g, 10 min) to
pellet the protein, and the total activity was then measured. The supernatant was removed
and the activity in the supernatant and pellet were each measured separately. To assess
stability in plasma, the supernatant solutions were analysed by HPLC (Method B), at the
indicated time points.

2.2.7 Preparation of S. aureus

Staphylococcus aureus (S. aureus; ATCC 25293) was obtained from Cedarlane
Laboratories Ltd. (Burlington, ON). Several 3 mL overnight cultures were grown in
Luria Broth (LB) media (L7658, Sigma-Aldrich Canada, Oakville, ON) at 37°C and 300
rpm. Bacterial cultures were pooled and cells were pelleted at 10,000 x g for 2 min.
Cells were washed with sterile PBS (Invitrogen, Mississauga, ON) and centrifuged again
at 10,000 x g for 2 min. The pellet was re-suspended and further diluted with sterile PBS
to an appropriate concentration for mouse inoculation (2x10® colony-forming units
(CFU) /mL).

2.2.8 Biodistribution studies in S. aureus infected mice.

Animal studies were approved by the Animal Research Ethics Board at McMaster
University in accordance with Canadian Council on Animal Care (CCAC) guidelines.

BALB/c female mice (5 to 6 weeks old) were purchased from Charles River Laboratories
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(Portage, MI) and were maintained under clean, Biohazard Level 2 conditions in an
approved animal facility.

Biodistribution studies of °’Ga-16, ®'Ga-18, °’Ga-26, and ®’Ga-28 were performed
using groups of 12 female BALB/c mice (6 to 7 weeks old) injected with a standard S.
aureus inoculum into the right thigh muscle (1x10® CFU, 50 pL PBS). At 20 h post
injection, groups of three infected mice were intravenously injected in the tail vein with
100 pL of PBS containing ~1.33 MBq of ®’Ga-16, ~1.38 MBq of ®’Ga-18, ~1.28 MBq of
%"Ga-26 or ~1.07 MBq of ®’Ga-28. At 1 h post injection, animals were anesthetized with
3% isoflurane and euthanized by cervical dislocation. Blood, kidneys with adrenals, liver
with gall bladder, lymph nodes from legs, small intestine (with contents), spleen, left
thigh muscle (non-infected), right thigh muscle (infected), and bladder and urine were
collected, weighed and counted using a Wizard 1470 Automated Gamma Counter
(PerkinElmer, Woodbridge, ON). Tissue distribution data were calculated respect to
injected dose (ID) and percentage ID per g organ/tissue (%ID/g). Decay correction was
used to normalize organ/tissue radioactivity measurements to the time of dose
preparation.

2.3 Results
2.3.1 Synthesis of DFO derivatives

A select number of DFO derivatives have been reported for labelling
biomolecules and in particular antibodies [20,25], where the associated chemistry was

selected as the initial approach for preparing the library. Unfortunately, it proved to be
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non-trivial to prepare simple amide derivatives of DFO beyond the known compounds, as
reactions often resulted in impure products having poor solubility that hindered
purification. A more convenient and high yielding synthetic method was developed using
carbamate-forming reactions that produced a series of novel DFO derivatives in high
yield. Reaction of 1 with commercially available alkyl chloroformates gave 2-7, and 9 in
30-43% yields, where the products could be isolated by preparative HPLC (Scheme 2.1).
Alternatively, carbonates could be used as a substitute for the chloroformates and were
successfully employed, for example to generate 8. When the desired chloroformate or
carbonate was not commercially available, the corresponding nitrophenylcarbonate was
synthesized from bis(4-nitrophenyl) carbonate; an approach that was used successfully to

generate 10 and 12.
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Scheme 2.1 Preparation of deferoxamine carbamates 2-12.

The preparation of cold Ga complexes to be used as reference standards for the
radiolabelling studies was achieved by combining the ligands with excess Ga(NQOz3);. Ga
complexed with the DFO ligands was evident in the *H NMR spectra, because the N-OH
resonances were no longer observed and proton environments close to the metal-
chelating hydroxamate groups, including the alkyl backbone of the ligand, appeared
significantly broadened (Supplementary Information). Raymond and colleagues reported

that there are eight distinct geometric isomers for the metal complexes; however, only
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two isomers are present in solution [21]. Well-resolved signals were observed for the
carbamate substituents distant from the metal coordinated hydroxamate groups. HPLC of
17-27 revealed single peaks and the HRMS data was consistent with the values expected
for the proposed products.

2.3.2 Radiosynthesis

The labelling of the DFO derivatives proceeded at room temperature using a

method adapted from Petrik et al. (Scheme 2.2) [15].

NH ~N
H Q jJ\ 0 T
NNN/\/\/\N X /o\\ o)
o) OH H Ga(NO3z)3 N ,,:G'.ai\
OH (o) o} pH 5-6 (acetate buffer) o7 (I) )(J)\
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NH

. H
o) H OH
67GaCls 3
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15 min, 25 «C
17 X = OMe
/__m 18 X = OFEt o o
o) 19 X =OnPr me
NH 20 X = O/Pr \
O T/ 21X=0nBu 28 X = N N
. 22 X = OBu A
67Ga 23 X = OtBu 0

O 24 X = Onhexyl
25 X = O(CH,)gNHBoc

Q N 26 X = O(CH,)gNH,
>/j 27 X =0Bn

Scheme 2.2 Preparation of Ga and °’Ga complexes 17-28.

Radiochemical yields were generally greater than 90% with radiochemical
purities > 95%. y-HPLC traces showed a single peak in all cases and the retention times
for the products matched those for the UV-HPLC chromatograms of the Ga reference
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standards (Figure 2.1). Chromatograms for all compounds can be found in the

Supplementary Information.
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Figure 2.1 Radio-HPLC (top) and UV-HPLC (A = 240 nm) chromatograms of [°'Ga]-17
spiked with the non-radioactive reference standard (HPLC Method B). Chromatograms

for all reported compounds can be found in the Supplementary Information.

2.3.3 Log D, stability, and plasma binding

Lipophilicity of the various DFO derivatives was measured by determination of
the 1l-octantol:PBS partition coefficient (pH 7.4) [26]. It was found that log D values
generally correlated with the length of the carbon chain attached to the chelate (Figure

2.2). For instance, the most polar compound was the Ga-DFO complex 16 (log D = -3.04
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+ 0.18), followed by 26 that contained an alkyl chain with a terminal amine group (log D

= -2.05 = 0.02). Compounds 24 and 25, which contained hexyl spacers were the most

lipophilic (log D = 1.17 £ 0.05 and log D = 1.08 £ 0.03, respectively).
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Figure 2.2 Uptake by S. aureus compared to log D for [*’Ga]-16-28. Plot of the

percentage of initial radioactivity bound per ug protein versus log D at 2 h (circle) and 24

h (triangle).

The stability of the ®’Ga-labelled complexes in PBS at room temperature, were

evaluated by analytical HPLC over 24 h. No change in the y-traces were observed over

this time period. The stability and protein binding in plasma was assessed using ®’Ga-27
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as a representative compound (Figure 2.3). The product showed low binding to plasma
proteins after 3 h (3.4% unbound at 3 h). Following the same protocol, *’Ga-16 exhibited
similar plasma binding (4.6% at 3 h). The stability of °’Ga-27 in plasma at 3 h was > 97%

and was similar to that observed for 16.
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Figure 2.3 Plasma protein binding (A) and stability in plasma (B) for ¢’Ga-27. In A,
radioactivity protein bound, in the precipitate (dashed line) or soluble in supernatant
(solid line) are expressed as a percentage of the total radioactivity. In B, radio-HPLC
(Method B) was performed on supernatants to determine % of radioactivity represented

by intact ®’Ga-27.
2.3.4 S. aureus uptake studies

S. aureus was used to evaluate the impact of derivatization on the uptake of the
metal complexes in bacteria. S. aureus is frequently listed as antibiotic resistant and is
responsible for approximately two thirds of all healthcare associated infections [28]. The

uptake of ®’Ga-16 by the bacteria served as the point of reference for the radiolabelled
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DFO derivatives compounds, and was performed at both 4 °C and 37 °C. As expected,
significantly greater and gradually increasing uptake occurred over 6 h at 37 °C but not at
4 °C (Supplementary Information). This suggests that ®’Ga-16 is taken up by S. aureus
via active transport. Specific versus non-specific uptake was tested through a competitive
blocking experiment using the cold Ga-DFO complex.

The control ®’Ga-16 showed a near-linear uptake for the first 6 h, rising to a
maximum of 0.14% /ug protein at 6 h (Supplementary Information). The uptake at 24 h
revealed that in the intervening period, there was a marked decrease in apparent uptake
with 0.09% /ug protein remaining at the time of analysis. This may be due to the efflux of
%’Ga-16; however, further experiments are necessary to rule out cell death and lysis. The
uptake profile of the new ®’Ga-DFO complexes was, apart from a few cases, similar to
%’Ga-16, although the kinetics were frequently slower (Figure 2.2). Unlike the control,
uptake over this time appeared to follow a monotonic linear trend between incubation
time and uptake with no major efflux between 6 h and 24 h with the exception of small
levels observed for ®’Ga-18 after 6 h. The uptake of ®’Ga-18, ®’Ga-23, and ®’Ga-26 were
on par with ®’Ga-DFO at 24 h, despite their lower uptake at earlier time points.

In general, slower uptake was observed for the more lipophilic complexes (Fig.
3). This is evident when comparing ®’Ga-17 (log D74 —1.35 + 0.01) with *’Ga-23 (log D
—0.05 + 0.05). After 6 h, roughly twice as much ' Ga-17 was taken up into the bacteria as
%"Ga-23. The n-hexyl-containing ®’Ga-24 (log D 1.17 + 0.05) also had poor uptake
kinetics. ®’Ga-25, also highly lipophilic (log D 1.08 + 0.03), was the exception in that it

showed decreasing uptake over time despite initial high binding. A plot of percent uptake
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per microgram of protein at 2 and 24 h versus log D for all compounds generally shows
greater uptake for more hydrophilic compounds and suggests that compounds °’Ga-18
and ®'Ga-26 appeared to be the most promising (Figure 2.2).

2.3.5 Biodistribution studies

Biodistribution studies of ®’Ga-16, °’Ga-18, and ®'Ga-26 were performed using
BALB/c mice injected with S. aureus in the right thigh, and vehicle in the left thigh as a
control. °’Ga-18 showed the highest infected thigh to non-infected thigh ratio of 11, while
the ratio for [*'Ga]-16 was 6.3:1 (Figure 2.4). The infected thigh to blood ratio of 5.4:1

for [*'Ga]-18 was comparable to [°'Ga]-16.
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Figure 2.4 Ratio of the percent injected dose per gram (ID%/g) in mouse non-infected
versus S. aureus infected thigh muscle. Mice were injected with [*'Ga]-16, [*'Ga]-18,
[°’Ga]-26 and [*"Ga]-28. Uptake was determined at 20 h post S. aureus infection and 1 h

after administration of the tracer.
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The main route of clearance for the derivatives studied was through the bladder
and urine. Furthermore, considerable uptake in the small intestine was observed for all

derivatives in comparison to [*'Ga]-16 (Figure 2.5).

M [57Gq).16
& YGa)-18
12004 BE [7Gal-26
5001 [°"Ga]-28

Figure 2.5 Biodistribution (%ID /g) data for [°'Ga]-16, [*'Ga]-18, [*'Ga]-26 and [*'Ga]-
28 in mice with single thigh infection of S. aureus. Data shown are mean + SEM (n=3).

Complete biodistribution data can be found in the Supplementary Information.

The impact of adding a targeting agent was also assessed where DFO was linked
to the antibiotic ciprofloxacin (Scheme 2.3) and the biodistribution of the [°’Ga] labelled

product 28 assessed. This particular vector was selected as a comparator since
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radiolabelled ciprofloxacin showed early promise as radiopharmaceuticals for imaging
infection [29]. [*'Ga]-28 showed high uptake in the intestine and had a poor infected
thigh to non-infected thigh ratio of 1.84:1 which was less than that observed for [*'Ga]-

DFO alone.
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Scheme 2.3 Preparation of the DFO-ciprofloxacin conjugate 15.

2.4 Discussion

There are a number of limitations with current radiopharmaceuticals for imaging
infection, including poor ability to distinguish infection from tumours, inflammation and
infection (FDG probes), and slow target-to-non-target binding, requiring long clearance
times ([*’Ga]-citrate). An alternative approach is to target biochemical systems that are
unique to bacteria in order to improve specificity. For instance, radio-gallium analogues

of iron siderophores have the potential to selectively image infection by targeting the
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bacterial iron sequestering mechanism. Unfortunately, Ga derivatives of DFO, one of the
most readily available siderophores, are excreted too rapidly to be a useful infection
probe.

A library of DFO derivatives was prepared and radiolabelled to assess the impact
of substitution on the uptake and retention in S. aureus. If derivatization has minimal
impact on uptake, then different substituents can be used to prolong circulation and
change the route and/or kinetics of clearance, as means of increasing the likelihood of
interaction and uptake of the tracer at the site of infection. To this end DFO derivatives
with a range of different substituents were prepared by reaction of 1 with chloroformates,
carbonates or nitrophenylformates (Scheme 2.1). The synthetic route using the carbonates
were generally high vyielding (74-93%) and the products could be purified by
recrystallization unlike for the chloroformates (30-43%), where HPLC purification was
necessary. This is most likely due to a competing reaction between chloroformate and the
free N-OH groups, resulting in a number of side products. For example, when an excess
of i-butylchloroformate (5 equiv.) was used to prepare 7, the mono, di, tri and tetra-
substituted products were formed, as evident by ESI-MS (m/z 661.4, 761.4, 861.5 and
961.5, respectively). Reaction with (4-nitrophenyl)carbonates was a highly effective
alternative that showed no evidence of reactions with N-hydroxy groups. Using this
approach, N-carbamate-derivatized DFO compounds could be readily prepared
representing a convenient new strategy for functionalizing the siderophore.

Following preparation of the desired DFO ligands, complexation with excess

Ga(NO3); yielded the desired metal complexes for use as HPLC standards. In general, the
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radiosyntheses of [*’Ga]-17-28 was successful, and the products showed high
radiochemical purity (Scheme 2.2). The radiolabelled compounds showed no signs of
degradation for up to one week at room temperature when formulated in PBS.

The log D74 values for this library of compounds ranged from the most lipophilic
derivative ([°'Ga]-24, 1.17 + 0.05) to least lipophilic derivative ([*'Ga]-26, —2.05 + 0.02)
(Table 2.1). The measured log Dy for the control [*'Ga]-16 was —3.04 + 0.18 which is
similar to a previously reported value (—3.56 + 0.17) [15]. The choice of these simple
alkyl groups afforded compounds with a range of steric influence and log D74 values,

from which to start to investigate the effect of substitution on bacterial uptake.

Table 2.1 Experimentally determined, 1-octanol:PBS (pH = 7.4) partition coefficients

(log D) for compounds 16-28.

Compound log D
[*’Gal-16 -3.04+0.18
[*’Gal-17 -1.35+0.01
[*’Ga]-18 -0.85+0.01
[*’Ga]-19 -0.33+0.01
[*’Ga]-20 -0.43+0.01
[*’Gal-21 0.23+0.01
[*’Ga]-22 0.14+0.01
[*’Ga]-23 -0.05+0.05
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[*’Ga]-24 1.17 £ 0.05

[*’Gal-25 1.08 + 0.03
[*’Ga]-26 -2.05+0.02
[*’Ga]-27 0.46 + 0.07
[*’Ga]-28 -1.48 +0.01

Following confirmation of active uptake of [*'Ga]-16 in vitro with S. aureus, the
uptake profile of each of the complexes [*'Ga]-17-28 was studied (Figure 2.2). As a
general trend, the rate of uptake decreased as the lipophilicity of the complex increased.
Interestingly, the early uptake of [*'Ga]-26 was rapid with higher uptake into S. aureus
than the DFO complex at early time points (1 h and 2 h). The compound demonstrated
local minima in the uptake profile at 5 h, which was observed in all repeat assays and is
mostly likely due to a secondary interaction with the bacteria, though the exact
mechanism remains to be elucidated. It was also noted that the terminal amine in [*'Ga]-
26 as well as in the control [°’Ga]-16 seemed to enhance uptake, which may be due to
interaction of the positively charged amine with the anionic phospholipids and related
amphiphilic structures that reside within the bacterial envelope [30-32]. For [*'Ga]-28,
favourable early uptake may be attributed to recognition of the presence of the
ciprofloxacin, where radiolabelled analogues have been investigated previously as

infection imaging probes [29,33,34].

56



A preliminary biodistribution was performed in BALB/c mice bearing a S. aureus
infection in the thigh using the method reported for evaluating biodistribution of [*’Ga]-
citrate [2,35,36]. Mice received 1 x 10° CFU in the muscle and the lead tracers [*'Ga]-18
and [*'Ga]-26 and [*'Ga]-16 as the control were administered 20 hours post-inoculation
and animals sacrificed at one hour. It should be noted that prior to evaluating the DFO
derivatives, the model was validated by performing a [*’Ga]-citrate biodistribution where
the data obtained was similar to that reported in the literature. Following necropsy, the
bacteria were cultured and were shown to grow, indicating active infections.

The biodistribution of ®’Ga-DFO was consistent with the literature and showed
the high uptake in the bladder with minimal uptake in all other organs with the exception
of the kidney (1.75 %ID/g + 0.75%). Uptake in the infected (right) thigh was 0.46 %ID/g
+ 0.12 which was greater than the control (left) thigh (0.07 %ID/g + 0.01). [*'Ga]-18 by
comparison also showed high bladder uptake; however, the small intestine showed
appreciable uptake (30.04 %ID/g + 2.45) that was significantly higher than [*'Ga]-16
(0.63 %ID/g £ 0.11). The increased lipophilicity was also observed by the increased liver
uptake (2.95 %ID/g + 0.57). Higher uptake in the intestines was noted for the
ciprofloxacin derivative (46.27 %ID/g £ 2.69). All compounds exhibited rapid blood
clearance.

With respect to uptake ratios between the infected (RT) and non-infected (LT)
thighs, [*’Ga]-22 showed the highest at 11:1 whereas [°'Ga]-DFO 16 was 6.3:1. [*'Ga]-18

showed similar RT:blood ratio (5.4:1). Interestingly, using a direct targeting construct
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was not beneficial where [°’Ga]-28 the ciprofloxacin derivative, showed the poorest

contrast between the infected and non-infected thighs.

2.5 Conclusion

We have shown that it is possible to functionalize DFO and to retain active
uptake in S. aureus in vitro. While good selectivity between the infected and non-infected
thighs were seen for select compounds relative to [*’Ga]-DFO, the total uptake and
residual binding in the GI tract will hinder the use of the current derivatives as infection
imaging agent. It is however possible to expand the library using the synthetic strategy
developed here to continue to refine the pharmacokinetics. In addition, given the recent
work using non-radioactive Ga-DFO derivatives as therapeutic agents [16], the reported

compounds may have utility as adjuvants to standard antibiotics.
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Chapter 3

3 Development of ®’GaDFO based Molecular Imaging Agents for Bacterial

Infections

With the low uptake seen with DFO derivatives and direct targeting, an
alternative approach using pretargeting strategy was explored. The approach uses
vancomycin as a targeting vector and biorthogonal chemistry to link the antibiotic to a
radiolabeled ligand. The approach uses a rapid and highly selective coupling reaction
between trans-cyclooctenes (TCO) and tetrazines.

3.1 Bioorthogonal Chemistry
3.1.1 Pretargeting Approaches for Molecular Imaging

The success of molecular imaging probes is highly dependent on the
pharmacokinetic properties of the construct. Ideal targeting vectors must have high
specificity and binding affinity towards the target of interest, have low non-specific
binding elsewhere, be metabolically stable, and have low immunogenicity.*® However,
designing and developing desirable molecular imaging probes to meet all of these
properties remains a challenge. An alternative approach to directly labeling a targeting
vector has emerged which involves pretargeting prior to administration of the actual

imaging agent.
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Pretargeting is a two-step approach that involves the administration of the
targeting vector followed by intravenous administration of an imaging agent that binds to
the targeting vector in vivo. It is important to allow sufficient time following the
administration of the targeting vector for the compound to clear non-target tissues prior to
the administration of the second agent.” Bioorthogonality, which is required for the two
components to selectively co-locate, is defined as a chemical reaction that is
biocompatible, nontoxic, and selective towards the participating functional groups while
inert against all other species present in a biological system.* While many bioorthogonal
reactions exist, one showing great promise is the inverse electron-demand Diels-Alder
cycloaddition reactions between tetrazines and trans-cyclooctene derivatives.

3.1.2 Inverse Electron-Demand Diels-Alder Cycloaddition Reactions

In 1990, Thalhammer et al. studied the kinetics of the reaction of electron
deficient tetrazine with various dienophiles and reported that the rate between tetrazines
and trans-cyclooctene (Scheme 3.1) to be the fastest.> However, the tetrazine derivatives
were reactive towards water. In 2008, Blackman et al. demonstrated the bioorthogonality
of 3,6-diaryl-s-tetrazine and trans-cyclooctene with very fast kinetics (k, > 10° M™ s,
where k; is the second order rate constant.® This ground-breaking publication led to
extensive research in using s-tetrazine and trans-cyclooctene derivatives as bioorthogonal

partners to aid in the development of imaging and therapeutic agents.
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Scheme 3.1 Inverse electron-demand Diels-Alder cycloaddition between an s-tetrazine

(R=CO;Me or CF3) and (E)-cyclooct-4-enol.’

Radiolabeled tetrazine derivatives have been used in an increasing number of
pretargeting applications with a wide range of different isotopes including ®*Cu,® ***In,°
Y7 0,1 ®8Ga,™ and *®F.* In one example, Rossin and coworkers reported a pretargeted
approach using the Tz-TCO reaction for imaging tumours in vivo which showed images
of exceptional quality.’® The availability of radiolabeled tetrazines, when combined with
the prior success of TCO-functionalized vancomycin based optical and magnetic imaging
of infections suggests there is an opportunity to use pretargeting for imaging infection.

Vancomycin is an antibiotic (Figure 3.1) isolated from Streptomyces orientalis
that has activity against Gram-positive bacteria.'® It binds to the acyl-D-alanyl-D-alanine
amino acid moiety of bacterial cell walls and prevents the cross-linking of
peptidoglycan.’* Recent studies have demonstrated the specificity of vancomycin-TCO

towards Gram-positive bacteria,'® and the binding of vancomycin to intracellular bacteria

within macrophages due to its permeability towards mammalian cell membranes.®
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Figure 3.1 Structure of vancomycin
3.1.3 Vancomycin

Radiolabeled vancomycin using various isotopes have been reported in literature
and studied both in vivo and vitro.***"*® However, the one reported in vivo study had a
number of shortcomings.!” Most notably, the biodistribution data was missing critical
organs including the relative uptake in infected versus non-infected thighs, and the levels
of activity in the blood and intestines. Furthermore, the latest time point studied was only
60 minutes. For **™Tc-vancomycin-chelator conjugates, the reported in vitro studies also
had some shortcomings.'® The binding assay results were only reported for the 2 hour
time point and the data did not indicate whether or not cell growth was a critical factor.

Vancomycin is primarily eliminated through renal clearance in patients with
normal renal function.'® Recently, studies have shown that the clearance of vancomycin
is decreased in patients with impaired liver function, demonstrating the role of liver in the
elimination of vancomycin.?’ This explains the measurable uptake of *™Tc-vancomycin
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by the liver reported by Roohi et al.*’

A pretargeted strategy would take advantage of
bacteria-specific targeting properties of vancomycin and fast clearance of small imaging

agents from Gl tract and other organs.

Weissleder et al. showed that vancomycin-trans-cyclooctene (vancomycin-TCO)
could be used to ligate tetrazine functionalized magnetofluorescent nanoparticles to
bacterial infections in vitro. Their results demonstrated the dose-dependent binding of
vancomycin-TCO to Gram-positive bacteria. Due to the limitations of optical and
magnetic imaging techniques, pretargeting strategies using a ®'GaDFO tetrazine
(°*’GaDFO-Tz) and vancomycin-TCO was evaluated as a new approach for imaging S.
aureus in vitro and in vivo (Scheme 3.2). If successful, this approach can be readily
expanded since a wide variety of different antibiotics, which have high affinity and

specificity towards bacteria, can be used as targeting vectors for imaging infections.**
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Scheme 3.2 Preparation of ®’GaDFO-Tz-vancomycin-TCO conjugate 8 complex.

3.2 Methods

Unless otherwise stated, all solvents and chemicals were purchased from Bioshop
Canada (Burlington, ON) and Sigma-Aldrich, and used without further purification.
Desferoxamine mesylate salt was purchased from Santa Cruz Biotech, USA. The pH of

the reaction solutions were tested using VWR pH paper.
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High resolution mass spectra (HRMS) were obtained using Bruker MaXis 4G Q-
ToF spectrometer. *H and 13C NMR were recorded on Bruker AV600 nuclear resonance
spectrometers. *H and *3C chemical shifts (5) are reported in ppm relative to proton and
carbon signals of the deuterated solvent, respectively. Coupling constants are reported in
Hertz (Hz). Analytical high performance liquid chromatography (HPLC) was performed
using Waters 2489 HPLC, Waters 2489 UV/Vis detector, and a model 106 Bioscan flow
count gamma detector. Semi-preparative HPLC was performed using Agilent/Varian
ProStar model 325 photodiode array (PDA) detector equipped with model 210 solvent
delivery system. Analytical runs were performed using Synergi 4u polar reverse-phase
column (250 x 4.6 mm; 4 um; Phenomenex; flow rate 1 mL/min; UV-Vis detection
wavelength 280 nm). Semi-preparative runs were performed using Synergi 4u polar
reverse-phase column (250 x 10.0 mm; 4 um; Phenomenex; flow rate 4 mL/min; UV-Vis
detection wavelength 280 nm). HPLC eluent A consisted of 4% v/v acetonitrile in 2.5
mM triethylammonium acetate buffer (pH 6) while eluent B was 80% v/v acetonitrile in
2.5 mM triethylammonium acetate buffer (pH 6). Triethyammonium acetate buffers were
prepared using 2.5 mM trimethylamine and 2.5 mM acetic acid. HPLC eluent C consisted
of 0.01 M NH4OAc in H,0. HPLC eluent D consisted of neat acetonitrile. The HPLC
elution gradients were as follows: Method A: gradient elution (0-1 min) 0% B, (1-15 min)
0-100% B, (15-16 min) 100% B, (16-19 min) 100-0% B, (19-25 min) 0% B. Method B:
gradient elution (0-2 min) 20% B, (2-7 min) 20-50% B, (7-10 min) 50% B, (10-15 min)
50-85% B, (15-17 min) 85%, (17-20 min) 85-20% B, (20-25 min) 20% B. Method C:

gradient elution (0-1 min) 0% B, (1-21 min) 0-70% B, (21-22 min) 70% B, (22-25 min)
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70-0% B, (25-30 min) 0% B. Method D: gradient elution (0-5 min) 5% D, (5-20 min) 5-

60% D, (20-22 min) 60% D, (22-23 min) 60-5% D, (23-30 min) 5% D.

3.2.1 Synthesis

Preparation of Sodium Acetate Buffer

Sodium acetate buffer was prepared by the addition of acetic acid to an aqueous solution
of 1 M sodium acetate to reduce the pH to 5. Ga(NOs3); (30mg/mL) was added to sodium

acetate buffer.

Synthesis of 3,14,25-trihydroxy-2,10,13,21,24,32-hexaoxo-3,9,14,20,25,31-

hexaazapentatriacontan-35-oic acid (2)

Desferoxamine mesylate salt 1 (0.5 g, 0.76 mmol) was added to a solution of
succinic anhydride (1.7 g, 17 mol) in pyridine (7.5 mL) and the reaction stirred for 24
hours at room temperature. Pyridine was removed by rotary evaporation, NaOH (0.15 M,
100 mL, pH~12) added and the reaction allowed to stir at room temperature for 12 hours.
Subsequently, HCI (12 M, pH~1) was added dropwise and the solution was cooled over
ice whereupon a precipitate formed. The precipitate was collected by filtration and

washed with dilute HCI (1 M, pH~1) to yield a white solid (463 mg, 92%).
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Synthesis of N1-(5-(4-((4-(1,2,4,5-tetrazin-3-y|)benzy|)amino)-4-
oxobutanamido)pentyl)-N*-hydroxy-N*-(5-(N-hydroxy-4-((5-(N-

hydroxyacetamido)pentyl)amino)-4-oxobutanamido)pentyl)succinamide (3)

Compound 2 (67.9 mg, 103 umol) was added to a solution of PyBOP (70.6 mg,
136 umol) in 3 mL DMSO and stirred at room temperature for 15 min. In a separate vial,
diisopropylethylamine (21.5 pL, 123 umol) was added to 3-(4-benzylamino)-1,2,4,5-
tetrazine (9.2 mg, 41.0 umol) solution in DMSO (3 mL) and the solution stirred for 15
min. Subsequently, the N-succinyl-DFO solution was added dropwise to the tetrazine
solution and the mixture stirred overnight at room temperature.?? The desired product was
isolated using a Cig solid phase extraction (SPE) cartridge (Waters C;g Sep-Pak Plus,
Waters Corp., Ireland) followed by semi-preparative HPLC (method B). tg = 9.5 min.
Yield 5.8 mg, 17%. Analytical HPLC (method B) tg = 13.4 min. *"H NMR (600 MHz,
DMSO-ds) 6=1.21-1.23 (m, 22H), 1.35-1.40 (m, 13H), 1.49 (m, 12H), 1.96 (s, 6H), 2.26
(t, 8H), 2.34-2.43 (m, 14H), 2.57 (t, 8H), 2.99-3.03 (m, 12H), 3.44-3.46 (m, 7H), 4.39 (d,
4H), 7.53 (d, 4H), 7.7-7.8 (m, 6H), 8.44 (d, 3H), 8.48 (t, 2H), 9.59 (s, 1H), 9.63 (1H, s),

1.058 (s, 1H). HRMS calc. for CagHs7N11010 [M+H]" 830.4525 found, 830.4522.
Synthesis of vancomycin-trans-cyclooctene (5)

Synthesis of vancomycin-TCO was adapted from a literature procedure.’® TCO-
NHS (5 mg, 18.7 umol; Click Chemistry Tools, USA) was added to a solution of
vancomycin hydrochloride hydrate 4 (63.9 mg, 43.0 pumol) and N,N-

diisopropylethylamine (DIPEA) in DMSO (50 uL, 243 umol). The solution was placed in
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the dark and the reaction was stirred at room temperature overnight and the product
isolated by semi-preparative HPLC (Method A) tgr = 8.2 min. HPLC fractions containing
the product were combined and the solvent removed by rotary evaporation yielding a
white solid (17 mg, 57%). HPLC (method B) tr = 10.8 min. HRMS calc. for C75Hg7CIl2Ng

[M+H]" 1600.5173; found, 1600.5233.
Synthesis of Ga-desferoxamine-N-succinyltetrazine (6)

Ga(NO3)s3 (3.61 pumol, 30.8 pL) in NaOAc (pH 5, 1 M) buffer was added to a
solution of desferoxamine-N-succinyltetrazine 3 in DMSO (1.20 pmol, 1 mg/mL) and the
mixture stirred at 60 °C for 1 hour. The solution was stirred overnight cooling to room
temperature. The crude mixture was diluted with 10 fold volume of water, loaded onto a
C-18 Sep-Pak cartridge, and washed with water (10 mL). The desired product was eluted
using acetonitrile and the solution evaporated to dryness by rotary evaporation and
purging under N gas. *H NMR (600 MHz, DMSO-dg) J 10.58 (s, 1H), 8.49 (br m, 1H),
8.45 (d, J = 8.4 Hz, 2H), 7.9-7.5 (br m, 2H), 7.61 (br m, 1H), 7.54 (d, J = 8.4 Hz, 2H),
4.39 (d, J = 6.0 Hz, 2H), 3.5-0.9 (br m, 42H), 1.96 (s, 3H). IR (KBr pellet) 3428, 2938,
1780, 1635, 1438 cm '; HRMS-ESI (m/z): [M+H]" calcd. for CagHs7N11010Ga: 896.3546,

found 896.3573; tgr (Method B)= 13.4 min.
Synthesis of *’Ga- Desferoxamine-N-succinyltetrazine (7)

1 mg/mL 3 (50 pL) in DMSO was added to a 250 pL solution of *’GaCls (9.2

MBgq; Nordion Inc., Vancouver, Canada) in 0.1 M HCI. The pH was adjusted to pH 5 by
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adding sodium acetate buffer (1 M, 125 uL) after 15 minutes, followed by addition of 100
uL of PBS and the pH adjusted to 6-7 using NaOAc (1 M, 350 uL). Subsequently, H,O
(125 uL) was added to create a 1 mL solution. The formation of ®’GaDFOTz was
confirmed by HPLC and co-injection of an authentic reference standard GaDFOTz.

HPLC (method B) tr = 13.4 minutes.

Synthesis of ®’Ga Desferoxamine-N-succinyltetrazine-trans-cyclooctenevancomycin

(8)

Vancomycin-TCO in DMSO (35 pL, 7 mg/mL, 0.60 pmol) was added to a
solution of ®’GaDFO-Tz (250 pL, 0.060 pmol, 0.05 mg/mL, pH 7) in PBS and 5%
DMSO. Analytical HPLC was used to confirm the formation of the conjugate product.

HPLC (method B) tr = 11.0 minutes.
3.2.2 Log D Determination

Lipophilicity of the compounds were experimentally determined using 1-

octantol:PBS (log D74).%
3.2.3 Invitro uptake assays

A sample of S. aureus (ATCC #: 25923) in 20% glycerol preservation culture was
added to 45 mL of iron-deficient Tris Minimal Succinate (TMS) medium and placed in
an incubator overnight shaking at 300 rpm and 37 °C. The ODgg 0f the overnight culture
was determined. A radioactive stock solution (1 stock solution:10 TMS dilution) in TMS

was prepared. Radioactive media was prepared by adding 7 to 5 mL iron-deficient TMS

74



to generate a solution having a final concentration of 7.4 Bg/puL. For competitive
blocking assay, non-radioactive Ga-DFO (50 puM) and 7 were added simultaneously to

the TMS media.

For the uptake studies, samples were incubated at 37 °C with shaking at 300 rpm
for 24 hours. Every hour (t=0 h to t=6 h) and at 24 h, 500 pL aliquot of media was
removed and centrifuged (12 500 x G) for 1 min. Subsequently, 480 pL aliquot of the
supernatant was removed while ensuring that the pellet was not disturbed and added to
Ria plastic test tube (12 x 55 mm, PerkinElmer). The pellets were washed with 500 pL of
ice-cold phosphate buffered saline (PBS, 1 X%, GE Healthcare Life Sciences) and
centrifuged (12 500 x G) for 1 min. Similarly, 500 pL aliquot of the supernatant was
removed and added to the same Ria plastic test tube. The pellet was lysed by re-
suspension in 400 pL of 5% sodium dodecyl sulfate (SDS, w/v) for 45 minutes. 300 pL
aliquot of lysed pellet was removed and collected in a separate Ria test tube. The activity
counts per min (cpm) for the supernatants and pellets were obtained using a Wizard 1470
Automatic Gamma Counter (PerkinElmer) for 1 min. Uptake was expressed as the ratio
of radioactivity in pellet over total activity present, as described in the following

equation:

cpm(pellet) 100

0, take = X
%o uptake (cpm(pellet) + cpm(supernatant))
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The uptake was normalized to the protein concentration to account for cell growth during
the experiments. The protein concentrations were determined in triplicates by Pierce™

BCA Protein Assay Kit. Bovine serum albumin was used as a standard.
3.2.4 Evaluation of S. aureus Binding for 8

For one-step labeling, compound 8 (37 kBq, 0.0074 kBqg/uL) in PBS was added
to S. aureus bacteria, and samples were incubated in TMS media at 37 °C with shaking at
300 rpm for up to 6 h. For blocking studies, unmodified vancomycin (250pL, 50uM)
along with 8 was added to the cell culture. At 1 h and 6 h, samples were collected, and

the activity in the supernatant and bacterial cells were determined.
3.2.5 Evaluation of S. aureus Binding for 5

For pretargeting, S. aureus bacteria was first incubated in TMS media containing
5 (5 mL, 20 uM) for 30 minutes at 37 °C with shaking at 300 rpm. Following the
incubation, each culture was centrifuged (12 500 x G, 1 minute) and the supernatant was
discarded, ensuring that the pellet was not disturbed. The pellet was re-suspended in 5
mL of TMS, centrifuged (12 500 x G, 1 minute), and the supernatant was similarly
discarded. The pellet was re-suspended in 4.5 mL of 7 (37 kBq, 0.0074 kBgq/uL).
Samples were taken at 1 h and 6 h and counted using a Wizard 1470 Automatic Gamma
Counter (PerkinElmer) for 1 min. The percent binding was determined using the

following equation:
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cpm(pellet) o
(cpm(pellet) + cpom(supernatant))

% binding = 100

3.2.6 Staphylococcus aureus bacterial inoculum

Overnight cultures of S. aureus (ATCC 25293, Cedarlane Laboratories Ltd.,
Burlington, ON) were grown in Luria Broth media (L7658, Sigma-Aldrich Canada,
Oakville, ON) at 37 °C with shaking at 300 rpm. Bacterial cultures were centrifuged (10
000 x G) for 2 minutes. The supernatant was discarded and the pellets were washed with
sterile Phosphate Buffered Saline (PBS; Invitrogen, Mississauga, ON) and centrifuged
(10 000 x G) for 2 minutes. The supernatant was discarded and the pellets were re-
suspended in sterile PBS to an appropriate concentration for mouse inoculation (2x10°
colony-forming units (CFU)/mL).

3.2.7 Mouse model

Animal studies were performed in Biohazard Level 2 lab at McMaster University,
Hamilton, Canada. Balb/c female mice (n=3, 6-7 weeks old) were purchased from
Charles River Laboratories (Senneville, Qc, Canada). The animal experiments were
approved by the Animal Research Ethics Board at McMaster University in accordance
with Canadian Council on Animal Care (CCAC) guidelines. These experiments were
performed by qualified personnel with strict compliance to the guidelines set by the

Animal Research Ethics Board.
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3.2.8 SPECT Imaging of 7 in a Mouse Infection Model Pretargeted with

Vancomycin-TCO 5

Four female Balb/c mice (6 to 7 weeks old) were injected with S. aureus (50 uL;
1x10® CFU) into the right calf muscle. Vancomycin-TCO and °’GaDFO-Tz were
formulated in saline containing 1% DMSO (205 pg/mL) and saline containing 1%
DMSO and 10% ethanol, respectively. At approximately 23 hours post infection, all
mice were administered with vancomycin-TCO via the tail vein (~1.1 mg/kg).
Immediately after the vancomycin-TCO injection (~6 min), 100 pL of ®’GaDFO-Tz
(~38.6 MBQ) was injected via tail vein into one mouse. The other 3 mice were
administered *’GaDFO-Tz via the same method at approximately 1 (mouse 2), 3 (mouse
3) and 24 (mouse 4) hours post vancomycin-TCO injection (~39.9, 36.3 and 19.7 MBq,
respectively). Prior to imaging at the McMaster Centre for Preclinical and Translational
Imaging, mice were anaesthetized with 1% isoflurane and maintained under same
conditions for the length of the SPECT and CT scans. Imaging was conducted on all
mice at 1 and 24 hours post radioactive injection. On a Gamma Medica ldeas X-SPECT
system (North Ridge, California), multiple SPECT acquisitions were completed for 32
frames over 360° at 10 seconds/frame for the 1 hour time point. For the 24 hour time
point, the SPECT acquisitions for all mice except mouse 4 were completed for 32 frames
360° at 30 sec/frame. For the fourth mouse, the acquisitions were completed at 80
seconds/frame (32 frames). CT acquisitions consisted of 1024 projection angles acquired
over 360° with 75 Kvp, 165 pA cone beam CT system. Cobra Exxim software

(Feldkamp filtered backprojection cone beam reconstruction software) was used to
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reconstruct the images at a voxel size of 155 microns and a matrix size of 512°. A water-
filled tube was included within each scan in order to convert the voxel values to
Hounsfield units (HU). An OS-EM interactive reconstructed method (2 iterations/8
subsets) was used to reconstruct the SPECT data which was fused to the CT data using in
house software. AMIDE software was used to analyze the images.

3.2.9 Bacteria Growth Assay

Following biodistribution and imaging studies, the spleen, left and right calf
muscles from each animal were placed in a sterile specimen bag (VWR International,
Mississauga, ON) with 1 mL of sterile 1x PBS and macerated using a heavy lead weight.
The tissue slurry was serial diluted using sterile PBS and an aliquot was plated on LB
agar plates (L7533, Sigma-Aldrich Canada, Co., Oakville, ON). Plates were incubated
overnight at 37 °C and CFU counts were determined.

3.2.10 Biodistribution studies of 7

S. aureus inoculum was injected into the right calf muscle of Balb/c female mice
(50 pL; 1x10°® CFU/injection). At 20 hour post infection, 7 (100 pL PBS, 1.30 MBq) was
intravenously administered via tail vein. After 1 hour post injection, mice were
anesthetized with 3% isoflurane and euthanized by cervical dislocation. Blood, kidneys
with adrenals, liver with gall bladder, lymph nodes from leg, small intestine (with
contents), spleen, left calf muscle (non-infected), right calf muscle (infected), and bladder
and urine were collected, weighed and counted using a Wizard 1470 Automated Gamma

Counter (PerkinElmer, Woodbridge, ON). Organ activity measurements were decay
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corrected and normalized to time of dose preparation to determine injected dose per gram

(i.e. %ID/g).
3.3 Results

DFO derivatives of succinic acid and tetrazine have been reported for labeling
biomolecules including antibodies.”” Here, we prepared a known DFO-tetrazine
conjugate (Scheme 3.3) which offers the opportunity to use TCO modified vancomycin
to promote localization of the radiometal at sites of bacterial infection. Briefly, DFO-
succinic acid was prepared by adding DFO to succinic anhydride, where 1 was isolated in
92% yield. Subsequently, the commercially available tetrazine 2 was coupled to 1 using
PyBOP. The product 3 was isolated by semi-preparative HPLC in 17% yield where

characterization data matched literature values.?

KJ“W”N

~&F
2

DMSO, RT,

o 12h

R J“M“N Tl

Scheme 3.3 Preparation of DFO-Tz 3.

] PyBOP, DIPEA
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Briefly, vancomycin-TCO (Scheme 3.4) was prepared by adding vancomycin to a
solution of TCO-NHS, where 5 was isolated by semi-preparative HPLC in 57% yield.
The compound was characterized by HRMS and analytical HPLC and showed mass to
charge (m/z) ratio and retention times in agreement with literature values. The compound
was stored in the freezer and away from light as a solution in DMSO and remained stable

over a period of 3 months.

DIPEA, DMSO
RT, overnight

Scheme 3.4 Preparation of vancomycin-TCO 5.

81



The cold Ga complex of 6 was prepared by combining 3 with Ga(NOs)3 and the
product used as a reference standard for the radiolabeling studies (Scheme 3.5).
Complexation of the DFO ligand was evident by *H NMR where N-OH signals were no
longer present and the proton chemical shifts close to the hydroxamate functional group
participating in chelation were significantly broadened. The HPLC chromatogram of 6
revealed a single peak and the HRMS data (m/z = 896.3586) corresponded with the

expected value for 6.

NH  HO™ 0
0
_ GaNOj,

pH 5-6 (acetate buffer)

ijw”@“°@3““ "0,

§7GaCl,

15 min, RT, pH 6-7
o J\N
NH 0Ty
;.0
57Qa
k Ox N\/\/‘\/NY\)'L
/\QY N

Scheme 3.5 Preparation of GaDFO-Tz 6 and °’GaDFO-Tz 7 complexes.

The DFO-Tz 3 was labeled at room temperature using a method adapted from
Petrik et al. Briefly, 50 pg of 3 was added to *’GaCl; (9.2 MBq) and the product was

isolated by HPLC after 15 min at room temperature. The radiochemical yield was greater
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than 90% and the radiochemical purity was greater than 95%, where a single peak was
observed in the y-HPLC chromatogram with its retention time matching the UV-HPLC

chromatogram of the Ga reference standard (Figure 3.2).
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Figure 3.2 HPLC chromatograms (Method D) of 7 co-injected with 6.

Radio-HPLC peak (top), UV chromatogram at 1. = 240 nm (bottom).

3.3.1 Lipophilicity

Log D74 of 7 and 8 were determined experimentally using 1-octantol:PBS

following a literature procedure.” Log D4 of 7 was calculated to be -0.78 + 0.004 while
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the log D74 of 8 of was -1.86 + 0.06. The log D74 of the reference compound 1 was

measured previously (Chapter 2) and was found to be -2.92 + 0.04.

3.3.2 Stability Studies

The Stability of ®’GaDFO-Tz 7 and its ligation product 8 in 1x PBS at room
temperature were studied using analytical HPLC. Minimal degradation of ®’GaDFO-Tz 7
was identified out to 24 h however, after one week at room temperature the purity
decreased to 63%. In contrast, a formulation of the control compound 1 showed no
detectable degradation after 7 days. This suggested that degradation of 7 was most likely
due to the tetrazine which is known to have finite stability.?* Stability of 8 was studied
over 3 days where analytical HPLC revealed degradation as early as 7 hours (Figure 3.3).

The purity dropped from > 99% to 62% by 7 hours and 45% by day 3.

120

100

% Purity
B ()] co
[w] o o

]
o

0 7 14 30 48 72
Time (h)

Figure 3.3 HPLC relative peak area of 8 over 3 days. HPLC (method B)
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3.3.3 Detection of Bacteria in vitro

The ability of vancomycin-TCO to bind S. aureus was evaluated in vitro through
both direct targeting and pretargeted approaches. The direct targeting approach involved
combining vancomycin-TCO and ®’GaDFO-Tz before incubation with S. aureus at 37 °C
for 6 h. The data showed 28% of the total activity was bound to S. aureus at 6 hours.
Escherichia coli (E. coli) was used as a negative control where negligible binding (< 3%)
was observed. For pretargeting which involved incubating S. aureus with vancomycin-
TCO at 37 °C for 30 minutes before the addition of °’GaDFO-Tz, the data showed 63%

binding to S. aureus.

To prove the binding was due to specific interaction between the antibiotic and
bacteria, GaDFO and unmodified vancomycin were added to the assays. The former is
important to assess the extent of uptake of the tetrazine-metal complex in bacteria via the
siderophore uptake pathway using °’GaDFO-Tz alone (Figure 3.4). The experiments
showed that ®’GaDFO-Tz had appreciable uptake (0.6% uptake/ug protein) relative to
%"GaDFO (0.9% uptake/ug protein). The uptake of ®’GaDFO-Tz was completely blocked
by addition of GaDFO (1 mM) indicating that the small amount of uptake observed is

through the siderophore uptake-related mechanism pathway.
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Figure 3.4 In vitro uptake of ®’GaDFO-Tz and GaDFO-Tz (block) by S. aureus over

time. Note that all experiments were performed in duplicate.

Furthermore, blocking using GaDFO (1mM) would allow us to quantify binding
based on the vancomycin-TCO and ®’GaDFO-Tz reaction. The results showed minimal
(< 10%) impact with the addition of GaDFO. The addition of 200 uM unmodified
vancomycin had a more pronounced impact on binding (Figure 3.5). Addition of

unmodified vancomycin decreased binding from 63% to 1%.
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Figure 3.5 Plot of the percentage of ®’GaDFO-Tz 7 binding to S. aureus at 1 and 6 hours
in the presence and absence of different blocking agents. Data shown are mean + SEM

(n=2).
3.3.4 SPECT/CT Imaging Studies

SPECT/CT imaging was used to evaluate direct targeting and pretargeting
strategies in S. aureus infected murine models. Twenty-four hours following
intramuscular administration of S. aureus, four mice were intravenously injected with
vancomycin-TCO (~1.1 mg/kg). Mouse 1 was injected at 24 h post S. aureus infection
after with ®’GaDFO-Tz, while mice 2 to 4 were injected between 24 and 27 hours post
infection. SPECT/CT imaging was performed on all mice following 1 and 24 h post

injection (p.i.) of ®’GaDFO-Tz. At 1 and 24 h imaging time points, all mice displayed
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similar biodistribution results (see Supplementary data). The radioactivity was
predominantly observed in the bladder for all mice at 1 h (Figure 3.6). At 24 h, the
activity cleared from the bladder and largely resided in the liver. No activity was

observed at the site of infection in mice 1 to 3. In contrast, radioactivity co-localized in

the right calf muscle of mouse 4 at 24 h post injection of ©’GaDFO-Tz (Figure 3.6).

Figure 3.6 SPECT/CT sagittal (left), transverse (centre), and coronal (right) of mouse 4
after 1 h p.i. The red colour is the highest intensity. The orange circles are regions of

interest.

3.3.5 Biodistribution Studies

Twenty-four hours following intramuscular administration of S. aureus, two
cohorts of three mice were intravenously administered with ®’GaDFO-Tz or *’GaDFO as
a control. After 1 h, all mice were sacrificed and tissues collected. Biodistribution studies
at revealed an infected calf muscle to non-infected calf muscle ratio of 6.3 for ®’GaDFO-
Tz. Unfortunately, non-specific retention was observed in the small intestines with

percent inject dose per gram (%ID/g) of 37.77 £ 5.73 and liver and gall bladder combined
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of 2.93 £ 1.21 %ID/g (Table 3.1). The agent cleared through bladder which showed the

highest uptake of 214.09 + 100.96 %ID/qg.

Table 3.1 Tissue distribution of 1 and 7 in Staphylococcus aureus mouse infection model

at 1 h p.i. Data are expressed as ratios of %ID/g, expressed as the mean = SEM (n=3).

Organs 1 7

Blood 0.07+£0.01 454 +4.42
Kidneys + Adrenals 1.75+£0.25 0.39 £0.02
Liver + Gall Bladder 0.11+0.01 293+1.21
Lymph Nodes 0.32+0.16 0.05+0.01
Small Intestine 0.63+0.11 37.77 £5.73
Spleen 0.12£0.01 0.81+0.16
Calf Muscle (Left) 0.07 £0.01 0.04 £ 0.00
Calf Muscle (Right) 0.46 £0.12 0.20 £ 0.05
Urine + Bladder 381.75 + 107.15 214.09 £ 100.96

For the pretargeting experiments, the bacterial counts were determined for spleen,
infected calf muscle, and non-infected left calf muscle. The bacterial count for the
infected calf muscle was measured to be 1.37 x 10 CFU by plating while negligible

counts were measured in the non-infected calf muscle and spleen.
3.3 Discussion

Stability studies in 1x PBS at room temperature revealed minimal degradation of
"GaDFO-Tz 7 by 24 hours. The degradation seen at later time points could be the result
of tetrazine decomposition which is known to have finite stability. For example, Karver

et al. have studied the stability of benzyl amino tetrazine in fetal bovine serum at 37 °C
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over 10 hours and reported 60% degradation.”* ®’GaDFO-Tz conjugate of vancomycin-
TCO product 8 was also shown to have finite stability. Analytical HPLC traces revealed
formation of new isomers with similar retention times 7 hours after preparation (see
supplementary data). The conjugate product can rapidly rearrange and tautomerize to 1,4-
dihydropyridazine in aqueous conditions as demonstrated in literature.®’ In presence of
oxygen, the dihydropyridazine can oxidize to an aromatic pyridazine.” Therefore, the
resulting peaks over time can be explained by the likeliness of conjugate product to

isomerize or oxidize. However, this should not impact targeting or extent of binding.

The active uptake profile of ®’GaDFO-Tz was studied in S. aureus over 24 h. The
rate of uptake of °’GaDFO-Tz was slow for up to 6 h in comparison to control. At 24 h,
the extent of uptake of both compounds (*’GaDFO-Tz and ®’GaDFO) is comparable.
Furthermore, binding of vancomycin-TCO was studied via direct and pretargeted
approaches. Pretargeting approach demonstrated superior labeling of S. aureus in
comparison to the direct targeting approach. Therefore, the pretargeting approach is a

successful candidate for in vivo labeling of S. aureus.

The binding of ®’GaDFO-Tz to S. aureus through direct targeting following
ligation to vancomycin-TCO and pretargeted approaches was demonstrated. TCO
modified vancomycin and the vancomycin-TCO conjugate employ the same binding
mechanism as unmodified vancomycin which was demonstrated through blocking
studies. The results showed that the bioorthogonal approach was more effective than

direct targeting. More specifically, 63% binding was observed for pretargeting approach
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while only 28% binding was observed for the direct targeting approach. The higher
binding associated with the pretargeting approach may be associated with the extent of
hydrogen bonding interactions of vancomycin to the acyl-D-alanyl-D-alanine amino acid
component of Gram-positive bacterial cell walls'® The larger size of the preformed

conjugate may have reduced the extent of binding compared to vancomycin-TCO.

Evaluation of the pretargeting strategy in vivo binding of the bioorthogonal
approach was performed in a murine model inoculated with S. aureus. At 71 h post
infection, the radioactivity localized in the infected calf muscle of mouse; however, non-
specific retention was observed in the liver and gall bladder. The main route of clearance
of vancomycin in subjects with normal renal function is by glomerular filtration in the
kidneys and renal excretion.”® Imaging results were consistent and revealed the
predominant route of clearance for the radioactivity in mice to be renal excretion. The in
vivo studies revealed the pretargeting approach to be promising; however, identifying the
optimal time for injection of radiolabeled tetrazine and the best dosage of vancomycin-

TCO need to be determined.

As a control, the biodistribution of ®’GaDFO-Tz was also studied in a S. aureus
murine model. ®’GaDFO-tetrazine showed comparable infected thigh to the non-infected
to *’Ga-DFO. Despite some accumulation of the imaging agent at the site of infection,
non-specific binding was observed in the liver, gall bladder, and small intestines.

Compound 7 showed comparable RT:LT ratios to °’GaDFO. Future work will entail
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evaluating the biodistribution of the pretargeting strategy to allow for direct comparison

of the results (see chapter 4).
3.4 Conclusion

In summary, we have demonstrated the labeling of S. aureus can be achieved
through a bioorthogonal approach between vancomycin-TCO and ®'GaDFO-Tz.

However, further optimization is needed for the approach to be successful in vivo.
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Chapter 4

4  Conclusions and Future Work

In summary, in vitro and in vivo studies revealed that ®’Ga complexes of simple
DFO dertivatives were taken up by bacteria-specific siderophore pathway. Hence, this
provides the opportunity to develop novel tracers for imaging infection based on
’GaDFO using the bacteria-specific iron metabolism pathway. Despite their ability to
bind S. aureus in vitro, biodistribution studies revealed that the current family of
modified DFO derivatives are not optimal imaging agents due to their poor
pharmacokinetic properties and clearance from non-target organs.

In an attempt to increase uptake, direct and pretargeting strategies were pursued
both in vitro and in vivo. The work utilized the targeting properties of vancomycin
derivative with ®’GaDFO through an inverse electron demand Diels-Alder cycloaddition
reaction. The pretargeting approach revealed promising results, where 63% binding of
"GaDFO-Tz to vancomycin-TCO bound to S. aureus in vitro was observed in
comparison to 28% binding for the direct targeting approach.

Further optimization of the pretargeting time point for injection of ®’GaDFO-Tz
and vancomycin-TCO concentration used are the next key steps. For the latter, the

current dose was 1.1 mg of vancomycin-TCO/kg of mice. An additional goal is to
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evaluate the pharmacokinetics of ®’GaDFOTz-TCOvancomycin in vivo to allow for direct
comparison of direct and pretargeting strategies.

In addition to its use as an imaging agent, DFO has also been employed as a
therapeutic adjuvant when chelated to gallium. In vitro experiments performed by Banin
et al. examined biofilm formation in presence of sub-inhibitory levels of gentamycin,
DFO, free gallium, and GaDFO on planktonic bacteria and biofilms.! Their results
demonstrated the therapeutic properties of free gallium and GaDFO. This is due to the
active uptake of GaDFO by bacteria which interferes with iron metabolism. Furthermore,
free gallium can compete with iron for DFO resulting in similar interference with iron.?
Unfortunately as aforementioned, DFO has poor pharmacokinetic properties and as a
result, this approach cannot be translated to in vivo. It may be more effective to use one
of the DFO derivatives or related analogue prepared using the new DFO functionalization
chemistry reported here, which is another opportunity for future research.

Alternatively, following work published by Versteegen et al., a novel drug
releasing strategy was introduced that offers the opportunity to exploit both the
therapeutic and imaging properties of GaDFO/®’GaDFO. In the work reported drug
release was triggered by a bioorthogonal click reaction between TCO and Tz.® For the
chemistry described here, the bioorthogonal reaction between Tz-TCO could be used to
trigger the release of GaDFO/®’GaDFO at the site of infection.

To this end work to preparing a TCO-DFO conjugate 7 (Scheme 4.1) via carbamate
linkage at the allylic position was explored. (Z)-Cyclooct-2-enol 3 was synthesized via a

two-step reaction from the commercially available cis-cyclooctene 1. 9-
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Oxabiclo[6.1.0]nonane 2 was first synthesized through a reaction of cis-cyclooctene and
sodium perborate tetrahydrate. The isolated product was subsequently treated with KOH
at 95 °C for 47 h. The next step, which would be the focus of future work, involves
isomerization of (Z)-cyclooct-2-enol 3 to (E)-cyclooct-2-enol 4 by irradiation with UV
light for 32 hours. The isomer will be combined with 4-nitrophenylchloroformate to yield
(E)-cyclooct-2-en-1-yl (4-nitrophenyl) carbonate 5, which can subsequently react with

DFO to yield the desired TCO-DFO product.?
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Scheme 4.1 Synthesis of 3 and proposed synthesis of TCO-DFO 7.

The second component needed to explore a releasing strategy is the tetrazine-
vancomycin conjugate 10, which could be generated through a simple amide linkage
(Scheme 4.2). Vancomycin-succinic acid precursor 8 was synthesized and isolated in
40% yield. So far, our attempts at conjugating vancomycin succinic acid 8 to tetrazine 9
using PyBOP as a coupling agent have been unsuccessful. This may be due to side
reactions with other functional groups present on vancomycin. Identifying the optimal

coupling conditions is the immediate next step prior to evaluation in vitro and in vivo
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including comparison to the imaging strategies described in this thesis and gold standards

such as radiolabeled leukocytes.
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Scheme 4.2 Synthesis of 10 from the reaction between vancomycin-succinic acid

precursor 8 and tetrazine 9.
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Scheme 4.3 Inverse-electron-demand Diels-Alder cycloaddition between 11 and 12, and

the potential mechanism for the release of GaDFO 14c.
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This system represents a potential route for using the Tz-TCO reactions to
promote instantaneous release GaDFO/®’GaDFO at the site of infection. This may in turn
enable GaDFO/®’GaDFO to concentrate at the site of the infection, thereby enhancing

contrast and efficacy.
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