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Abstract

Inflammation and oxidative stress are tightly linked processes underlying the pathogenesis of a wide variety
of diseases. Using molecular imaging, we can enhance our understanding of these mechanisms through
non-invasive visualization of important mediators of disease at the molecular and cellular level. Aldehydes
are toxic biproducts of inflammation and oxidative stress, formed by many metabolic pathways including
lipid peroxidation, autoxidation, oxidative burst from inflammatory monocytes, polyamine catabolism, and
drug metabolism. These aldehydes are highly reactive electrophiles, rapidly forming adducts with
phospholipids, proteins, and DNA, regulating cell survival, autophagy, senescence, apoptosis, and necrosis.
These endogenous aldehydes and their adducts have been implicated in many pathological conditions
including neurodegenerative, metabolic, and cardiovascular diseases, cancer, drug toxicity, and traumatic
brain injury. However, due to their transient and highly reactive nature, the direct investigation of aldehydes
and their role in disease has been challenging. The contents of this thesis include the development and
application of molecular imaging probes for fluorescence, positron emission tomography (PET), and
magnetic resonance imaging (MRI) targeted toward the cellular and in vivo visualization of aldehydes in
models of oxidative stress, inflammation, mild traumatic brain injury, and acetaminophen overdose. Using
these probes, the direct mapping of endogenous production has been elucidated, and with this data [ propose

aldehydes are mediators and propagators of inflammatory and oxidative pathologies.

Another metabolic driver of disease is the cellular switch from glucose to fructose metabolism (fructolysis).
Fructose can be generated endogenously from glucose via the polyol pathway or consumed from dietary
sources. Fructolysis has been identified as the driver of end-stage diabetes complications including
retinopathy, nephropathy, and neuropathy. Fructose is also effective at protein glycation, leading to the
production of advanced glycation end products (AGEs), which have been suggested as promotors of
metabolic syndrome and chronic inflammatory conditions. The metabolism of fructose disrupts the delicate
balance between antioxidant and pro-oxidant systems, leading to oxidative stress. Some cancers have

demonstrated preference for fructose over glucose metabolism, making them difficult to visualize using



standard PET imaging with ['®F]-2-fluoro-2-deoxy-D-glucose (['®F]-FDG), a radiolabeled glucose analog
for mapping of glycolysis. Herein, I describe a novel metabolic PET radiotracer, ['*F]4-fluoro-4-
deoxyfructose (['*F]4-FDF), for in vivo mapping of fructose metabolism. The utility of this radiotracer is
demonstrated in mouse models of cancer and systemic inflammation and represents a powerful clinical tool

for the non-invasive diagnosis of many diseases.

The final topic of this thesis involves molecular imaging of inactivated bacteria to determine its trafficking
and biodistribution in vivo. Site Specific Inmunomodulators (SSIs) are a novel class of immunotherapy
derived from bacteria that usually infect specific organs (Escherichia coli for the gut, and Klebsiella
pneumoniae for the lungs). While it is understood that in keeping the macromolecular components of these
inactivated bacteria modulates the innate immune system, it was previously unknown whether their
biodistribution matched that of the live bacteria, and how they were trafficked within the body. The
biodistribution of the SSIs was mapped in healthy mice through radiolabeling, and the involvement of
phagocytosing cells was elucidated by immunohistochemical evaluation of local innate immune cells. Thus,
by using molecular imaging, the inflammatory response to immunomodulating therapies was mapped in

vivo by PET.

In conclusion, this thesis highlights the pivotal role of molecular imaging in advancing our comprehension
of inflammation and oxidative stress, shedding light on the intricate interplay of aldehydes in various
diseases. Furthermore, the in vivo mapping of fructolysis with ['*F]4-FDF contributes valuable insights into
the metabolic drivers of diseases, offering potential diagnostic avenues for neuro and cardio-inflammatory
conditions. Finally, the application of molecular imaging to unravel the trafficking and biodistribution of
inactivated bacteria underscores its significance in mapping the inflammatory response to
immunomodulating therapies, providing a new perspective on the intricate dynamics of disease

pathogenesis.
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Chapter 1: Introduction

1.1. Endogenous sources of aldehydes

Aldehydes are highly reactive intermediate or final products of many biochemical, physiological, and
pharmacological mechanisms, including the metabolism of amino acids, lipids, carbohydrates, vitamins,
steroids, and biogenic amines. Numerous environmental agents and drugs undergo biotransformations
resulting in endogenous production of aldehydes'. The production and clearance of endogenous aldehydes
are controlled through tightly regulated mechanisms, and dysregulation of these systems leads to the
buildup of structurally diverse aldehydes in cells and tissues, which can have toxic effects leading to the
propagation of many diseases, underlying the aldehydic load hypothesis*®. As aldehydes are highly reactive
electrophiles, they can interact with thiol and amino groups of phospholipids, proteins, and DNA, forming
adducts and are therefore cytotoxic, mutagenic, or carcinogenic®. The detoxification of aldehydes proceeds
through numerous enzymatic and non-enzymatic reactions. The major enzymatic pathways include
oxidation by aldehyde dehydrogenases (ALDHs), reduction by aldo-keto reductases, and conjugation with
glutathione (GSH)®. Non-enzymatic conjugation with nucleophiles such as glutathione and carnosine also
occur. Other means of aldehyde detoxification include alcohol dehydrogenase (ADH), present largely in
the liver, as the enzymatic conversion of alcohol to aldehyde by ADH is reversible. However, this reaction
proceeds strongly toward acetaldehyde in vivo due to the activity of ALDH2’. Bioconversion of aldehydes
by glutathione S-transferase A4 (GST-A4) to form aldehyde-glutathione adducts is also possible®. This is
the primary enzymatic method for lipid aldehyde detoxification’. The rate of detoxification of aldehydes
depends on the local availability of these cellular detoxifying and conjugating systems (for example, cellular

GSH and GST concentrations), and the ability of the cell to degrade the modified proteins/lipids!°.

1.1.1  Oxidative Stress
Oxidative stress occurs when there is an imbalance between the accumulation of reactive oxygen species
(ROS) and the ability to eliminate them with antioxidant defense systems, resulting in excessive, damaging

ROS concentrations'!. ROS are derived from the O> molecule’s ability to accept electrons, forming unstable



molecules including superoxide (O:*), hydrogen peroxide (H»0,), hydroxyl radical OH®, and singlet
oxygen ('0,) 2. ROS are primarily produced in the mitochondria, plasma membrane, endoplasmic
reticulum, and peroxisomes'? via enzymatic reactions and/or autooxidation. Physiological levels of ROS
are generated as natural biproducts of metabolism, acting as cell signaling agents and maintaining
homeostasis'®. For example, mitochondrial respiration is a major source of O,® and H,O,". The folding of
proteins and formation of disulfide bonds form ROS in the endoplasmic reticulum. Enzymes including
nicotinamide adenine dinucleotide phosphate (NADPH) oxidases, xanthine oxidase, and nitric acid oxidase
all form ROS'. However, when ROS are produced in excess and when antioxidant systems are

overwhelmed, oxidative stress occurs, which leads to the formation of reactive aldehydes.

A major source of endogenous aldehydes is lipid peroxidation, which is implicated in the pathogenesis of
many diseases'” (Fig.1.1). Lipid peroxidation alone contributes to a wide range of various aldehydes
including alkenals, hydroxyalkenals, and dialdehydes'®. Lipid peroxidation is a three-step process where
oxidants (free radicals or nonradical species) attack lipids containing carbon-carbon double bonds'. Free
radical-mediated lipid peroxidation initiates with a single free radical, usually by a hydroxyl radical (HO*®)
or hydroperoxyl (HO®,), that oxidizes a lipid (e.g., glycolipids, phospholipids, and cholesterol), initiating a
chain reaction that oxidizes more lipids. The chain reaction starts with the abstraction of hydrogen from a
polyunsaturated fatty acid, producing a carbon-centered lipid radical. Then, the addition of oxygen to the
radical forms a lipid peroxyl radical. Lipid peroxyl radicals can abstract hydrogen from surrounding lipids,
propagating the reaction. The final step is termination where an antioxidant donates a hydrogen atom to the
lipid peroxyl radical forming a nonradical product, or the substrate is consumed. In response to membrane
lipid peroxidation, cells may initiate repair mechanisms, or induce cell death, leading to molecular cell

damage.



Figure 1.1. Mechanism of lipid peroxidation. Lipid peroxidation is initiated when hydrogen is abstracted
from an unsaturated lipid by an oxidant (e.g. a free radical), producing a lipid radical. The addition of O»

creates a lipid peroxyl radical, an oxidant that can propagate the reaction with surrounding lipids.

The aldehydes produced from lipid peroxidation include malondialdehyde (MDA), 4-hydroxynonenal
(4HNE), acrolein, 4-oxo-2-nonenal, glyoxal, isolevuglandin, propanal, and hexanal®**2. MDA appears to
be the most mutagenic product of lipid peroxidation and is one of the most popular clinical biomarkers of
oxidative stress?®. 4HNE is viewed as the most cyto- and genotoxic product of lipid peroxidation®%., 4-
hydroxyalkenals are produced in large amounts and have been described as second messengers of free
radicals*. 4HNE inhibits coupled respiration in mitochondria and carbonylates mitochondrial proteins®.
The toxicity of these aldehydes is due to their ability to propagate oxidative stress, form adducts with
macromolecules, and act as signaling molecules involved in the regulation of transcription factors for cell
proliferation/differentiation, cell survival, autophagy, senescence, apoptosis, and necrosis (adducts)®®. As

aldehydes are amphiphilic, they are able to diffuse passively across membranes and can therefore covalently

modify macromolecules far from their site of origin®’.

The accumulation of lipid peroxidation products cause tissue and cellular dysfunction, playing a key role
in aging”® and most age-?’ and oxidative stress-related diseases. Classically, these include
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30,31

neurodegenerative disease®®3!, metabolic syndrome®?, diabetes®’, and atherosclerosis***. Furthermore,

36-38

evidence has pointed toward lipid peroxidation products contributing to fetal vascular dysfunction®*~°, renal

disease®, hepatic diseases*, and cancer*'*%,

Proteins are also susceptible to oxidative stress. Amino acid residues of proteins are susceptible to oxidation
by ROS, which usually results in aldehyde production®’. Furthermore, aldehydes from any source, including
lipid peroxidation products, can form adducts primarily at lysine, histidine, and cysteine residues, which
cause protein dysfunction and may tag them for destruction**. Aldehyde-protein adducts have been
implicated in a wide range of pathological conditions, in particular neurodegenerative diseases (including
Alzheimer’s disease, Parkinson disease, amyotrophic lateral sclerosis, Huntington disease, and down
syndrome), atherosclerosis, and autoimmune diseases (Sjogren’s syndrome, and systemic lupus

erythematosus)*.

Finally, autoxidation of carbohydrates is also a contributor to oxidative stress and aldehydic load. Glyoxal,
a dialdehyde, is formed from glyceraldehyde via glycoaldehyde autoxidation, an intermediary metabolite
of glyceraldehyde, fructose, and sorbitol metabolism'. Hydroxypyruvaldehyde, along with superoxide and
H,0,, are formed from the autoxidation of glyceraldehyde and dihydroxyacetone. Methylglyoxal is also
produced during the glycolytic metabolism of glucose from intermediates glyceradehyde-3-phosphate and
dihydroxyacetone phosphate (DHAP). Glyoxal and methylglyoxal are potent glycating agents of proteins,
nucleotides, and phospholipids forming advanced glycation endproducts (AGEs)*, which have been

implicated in the pathogenesis of many neurodegenerative and cardiovascular diseases*’*

1.1.2. Immune Response

Importantly, the inflammatory response of the immune system contributes a significant amount of oxidative
products that lead to production of reactive aldehydes. Phagocytic immune cells including neutrophils,
monocytes and macrophages produce an oxidative burst to kill invading bacteria, viruses, or tumorigenic
cells® (Fig. 1.2). These cells possess NADPH oxidase, which catalyzes the reduction of O, to form O,*%'.

Superoxide dismutase (SOD) catalyzes the conversion of the highly reactive O,® radical to O, and H,O..
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During phagocytosis, myeloperoxidase is released from the cytoplasmic granules of neutrophils and
monocytes, which reacts with H>O, to produce hypochlorous acid and other oxidative agents including
chlorine, chloramines, hydroxyl radicals, singlet oxygen, and ozone*?. While this oxidative burst plays an
important role in the innate immune system’s ability to kill invading pathogens, myeloperoxidase and ROS
produced by this mechanism can be released to the outside of the cell, contributing to inflammatory damage
of the host tissue>.This reaction generates many reactive oxygen species which propagate autoxidation,
and in turn generates a-hydroxy and a, B-unsaturated aldehydes in high yield**>¢. Dysregulation of the
myeloperoxidase-H»O,-chloride system has been associated with carcinogenesis, renal injury, lung injury,

atherosclerosis, multiple sclerosis, Alzheimer’s disease, and Parkinson’s disease’>.

20,
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Figure 1.2. Oxidative burst mechanism of a phagocytic cell. This myeloperoxidase-H>O,-chloride

system kills the engulfed pathogen, but also releases ROS outside of the cell, damaging the host tissue.

Again, due to the amphiphilic nature of aldehydes, including those produced from inflammatory processes,
they can react with adjacent cells, propagating the pathology. In this case, plasma membrane proteins are

the first targets for aldehyde-adduct formation®.



1.1.3. Polyamine Catabolism
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Figure 1.3. Catabolism of polyamines enzymatically produces aldehyde and ROS biproducts.
Spermidine/spermine-N'-acetyltransferase (SSAT) catalyzes the acetylation of spermidine and spermine.
N! acetylpolyamine oxidase (PAOX) converts N! acetylspermine back to spermidine, and N!
acetylspermidine back to putrescine, forming 3-acetoaminopropanal and H»O as bioproducts. The
conversion of spermine to spermidine by spermine oxidase also produces 3-aminopropanal and H»O, as

biproducts. Both aldehyde biproducts are non-enzymatically converted to acrolein.

Polyamines are organic cations ubiquitous to all mammalian cells and are essential for cell growth and

survival®’. Putrescine, spermidine, and spermine are crucial for ion channel regulation, chromatin structure

maintenance, DNA replication, transcription, and translation®’. Polyamines also contribute to the oxidative



status of a cell, as they are free radical scavengers, but their catabolism also produces ROS and aldehydes
as biproducts. Polyamine catabolism has two interconnected pathways, both of which result in the formation
of H>O, and aldehydes (Fig. 1.3). First, spermidine and spermine are acetylated by SSAT
(spermidine/spermine-N'-acetyltransferase). The acetylated polyamines can then be oxidized back to
putrescine or spermidine by peroxisomal Ni-acetylpolyamine oxidase (PAOX), producing H>O, and 3-
acetoamidopropanal as biproducts. Second, spermine can be oxidized by spermine oxidase (SMOX) to form
spermidine, producing H>O, and 3-aminopropanal as biproducts. 3-aminopropanal spontaneously converts
into acrolein, which is highly reactive and toxic®®. SMOX is induced by inflammatory cytokines®, and
several researchers have suggested it may be the mechanism linking inflammation to oncogenesis, as
unrepaired DNA damage from ROS and aldehyde biproducts of polyamine catabolism can cause mutations

contributing to carcinogensis®>-62,

Polyamines are present at high concentration in the mammalian brain compared to other tissues®.
Furthermore, the central nervous system has elevated levels of polyunsaturated lipids, contains large pools
of redox-active transition metal ions®, and a poor antioxidative defense system, making it very sensitive to
oxidative mechanisms like polyamine catabolism, autoxidation, and lipid peroxidation®. Polyamine
catabolism is induced during stroke due to the release of free polyamines from damaged RNA®6¢7,
Furthermore, in this type of injury, acrolein is responsible for neuronal damage rather than ROS, indicating
reactive aldehydes produced from polyamine catabolism may be more damaging to cells compared to ROS

in the brain.

Polyamine catabolism plays an important role in the response to stressful stimuli, and its dysfunction

61,68,69 70,71

contributes to the pathology of many conditions including cancer , psychiatric conditions’””!, ischemia

72,73

reperfusion injury’>73, stroke®®, infection by helicobacter pylori’*, and traumatic brain injury (TBI)”>. The

pathophysiology of TBI is described further in chapter 5 of this thesis.



1.2. Pathological outcomes of oxidative stress: are aldehydes propagators of disease or
consequential?

Aldehydes are not only products of these damaging pathways but are also propagators of oxidative stress
and inflammation. For example, exposure to aldehydes elicits an inflammatory response (increase in
macrophages, neutrophils, and cytokines)’. Excessive consumption of alcohol (which is metabolized to
acetaldehyde by alcohol dehydrogenase), induces oxidative stress, inflammation in neuronal cells, and
overall cognitive decline”’. However, there exists a baseline physiological level of endogenous aldehydes
in organisms, as they are biproducts of normal metabolic processes. At physiological levels, aldehydes are
metabolized by various pathways (ALDHs, ALD, GST), and do not elicit any toxicity. At low levels, they
initiate cell signaling in response to stress and initiate antioxidant systems, leading to cell survival. It is only
when aldehydes are produced beyond this threshold that cell death is initiated’®. The major challenge with
the study of endogenous aldehydes is it is often difficult to determine whether they are involved in the
initiation and propagation of disease or are a consequence of it. The tools developed in this thesis allow
access to imaging of total aldehydic load in vivo, toward the better understanding of the physiological roles

of aldehydes.

1.3. Models of endogenous aldehyde production

1.3.1. Mouse model of inflammation

A mouse model of systemic inflammation is frequently used in pre-clinical research to better understand
the pathophysiology of inflammation, and to develop new drugs candidates. In this thesis, administration
of exogenous endotoxin bacterial cell wall lipopolysaccharide (LPS) is used to induce systemic and
neuroinflammation in mice. Shortly after administration of LPS, pro-inflammatory cytokines are released
into circulation”. This pro-inflammatory response leads to increased generation of ROS and lipid
peroxidation, and inflammatory cell infiltration®. These mechanisms lead to the increased production of

aldehydes, as discussed above.



LPS treatment is also one of the most widely used animal models of peripherally induced
neuroinflammation and neurodegeneration. Neuroinflammation plays an important role in the progression
of neurodegenerative diseases like Alzheimer’s disease, Parkinson’s disease, and other neurodegenerative
diseases®!**. This model induces activation of microglia, astrogliosis, pro-inflammatory cytokine release in

the brain, leading to synaptic failure and cognitive dysfunction®.

1.3.2. Aldehydes in fibrosis
Aldehydes are also formed during active fibrosis. The oxidation of collagen by lysyl oxidase (LOX)
enzymes convert extracellular matrix lysine residues to allysine. Allysine covalently crosslinks collagen

proteins by condensation reactions, stabilizing the fibrotic tissue®.

This mechanism, along with the recent advances of molecular imaging of allysine, is reviewed in more

detail in chapter 2 of this thesis.



1.3.3. Aldehyde formation in a model of drug toxicity
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Figure 1.4. Metabolic action of acetaminophen (APAP)-induced hepatocyte necrosis and
inflammatory response. At therapeutic doses, APAP is conjugated with glucuronide or sulfate and
eliminated through the kidneys. Some APAP is metabolized by the action of cytochrome P450 (CYP450)
into a reactive intermediate, N-acetyl-p-benzoquinone (NAPQI). NAPQI is then conjugated by glutathione
(GSH) in the liver to form non-toxic cysteine conjugates and can be excreted. When APAP is consumed at
high doses, GSH stores are rapidly depleted, leaving free reactive NAPQI to form mitochondrial APAP-
protein adducts. These protein adducts in turn compromise respiration, leading to formation of free radicals.
This oxidative stress leads to the oxidation of proteins and mitochondrial dysfunction resulting in a
signaling cascade which further increases mitochondrial oxidative stress. Mitochondrial intermembrane

proteins including endonuclease G (End.G) and apoptosis-inducing factor (AIF) are then released, inducing
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nuclear DNA fragmentation, and finally programmed necrosis. Hepatocyte necrosis triggers the release of

damage-associated molecular patterns (DAMPS), which initiates a sterile inflammatory response.

N-acetyl-p-aminophenol (APAP), or acetaminophen, is a widely used analgesic and antipyretic drug. APAP
overdose is the most common cause of acute liver failure in the United States®”*®. When a therapeutic dose
of APAP is consumed, the majority of the drug is conjugated into non-toxic products and proceeds through
renal clearance (Fig. 1.4). A small component is enzymatically converted by cytochrome P450 into a highly
reactive metabolite, N-acetyl-p-benzoquinone imine (NAPQI)*. This metabolite, when present in minor
quantities, is rapidly complexed by GSH, resulting in its clearance. However, in the event of an overdose
of APAP, cellular GSH is rapidly depleted resulting in high levels of reactive NAPQI. The free NAPQI

9092 within 30 minutes of overdose”, which leads to

forms protein-adducts with mitochondrial proteins
mitochondrial oxidative stress and dysfunction, generation of ROS, and eventually hepatocyte necrosis. A
subsequent sterile inflammatory response occurs’, triggered by damage-associated molecular patterns
(DAMPS), including the release of pro-inflammatory cytokines and activation of immune cells®®, ultimately
producing more ROS. Currently, there exists one FDA-approved clinical intervention for an overdose of
APAP, N-acetylcysteine (NAC), which facilitates scavenging of NAPQI and supports mitochondrial

metabolism®®, but this antidote is limited by its narrow therapeutic window. This major drawback of the

sole treatment for APAP overdose necessitates further investigation of APAP-induced hepatotoxicity.

A better understanding of the inflammatory mechanisms of APAP-induced hepatotoxicity is needed®’, and
could be uncovered through in vivo molecular imaging of aldehydes. Wimborne et al. recently investigated
the role of aldehydes in APAP toxicity in mice”®. They found that 4-HNE protein adducts increased from
0.1% in control tissue to 7% two hours after APAP overdose. When ALDH?2 was activated with an agonist
Alda-1, the adducts were reduced to 1%. Six hours after treatment, 62% of tissue had polarized
mitochondria, which was reduced to 33.5% with Alda-1. This study indicates that aldehydes mediate APAP

toxicity, and that acceleration of ALDH2-mediated aldehyde degradation decreases APAP-induced liver
injury.
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1.4. Comparison of imaging modalities used in this thesis:

In this thesis, techniques of both anatomical imaging and molecular imaging are employed. Anatomical
imaging is used to visualize the structure and morphology of tissues or organs within the body. This type of
imaging requires high spatial resolution and is often used in conjunction with molecular imaging in order
to provide anatomical reference. The anatomical imaging modalities used in this thesis are computed
tomography (CT), and magnetic resonance imaging (MRI). Anatomical imaging has been instrumental in
medicine since its advent, however, the development of novel molecular imaging techniques from advances
in molecular and cell biology have drastically improved our understanding of complex biological
phenomena. Molecular imaging is a non-invasive technique to visualize biochemical processes within

living organisms,'?

is used clinically for diagnostics and therapy monitoring, and is widely used for pre-
clinical research of many biological processes. Molecular imaging techniques often involve the use of
targeted, specific imaging agents, such as radiotracers, fluorescent probes, and contrast agents, which
selectively bind to a target of interest. These agents are detected with specialized cameras or detectors
enabling positron emission tomography (PET), molecular MRI, and fluorescence microscopy, and provide

researchers and clinicians with information on cellular function, metabolic activity, and molecular

mechanisms in the body.

When developing a molecular imaging agent, choosing the right modality is crucial in the success of the
probe. The factors to consider include required spatial resolution, temporal resolution, sensitivity, safety,
depth of penetration, and whether this agent will be translated to the clinic (Table 1.1). Spatial resolution,
often dictated by the size of pixel (or voxel) of an image, determines the quality of the image, and describes
how small an object should be for detection. CT and MRI have ultra-high spatial resolution and are therefore
excellent for anatomical imaging. Temporal resolution refers to the time needed to complete imaging. If
dynamic imaging is required, temporal resolution increases. Sensitivity refers to the minimum
concentration of probe required for detection, which depends on binding affinity of the probe and

concentration of the target. PET has the highest sensitivity among molecular imaging modalities and is
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therefore ideal for molecular targets expressed in low concentrations. Safety is important to consider,
especially when the goal is clinical translation. If the toxicity of the probe is low, and therefore can be used
safely in animal models, we next consider safety of the imaging modality (i.e. presence of ionizing
radiation). CT and PET both expose imaging subjects to ionizing radiation. Depth of penetration is
important to consider and is the main reason for the limited application of optical fluorescence in the clinic,
as its depth of penetration is low, meaning its uses are limited to surface-level imaging. PET, CT, and MRI

all have limitless depth of penetration.
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Table 1.1. Overview of the molecular imaging modalities used in this thesis.

Modality Use Spatial Tempora Sensitivit Safety  Depth of Clinical
resolution 1 y penetratio applicabilit
resolutio n y
n
Positron  Molecular 1-2mm Minutes 10M"to  Ionizin  Limitless Yes
emission (preclinica 102 M g
tomograph 1) radiatio
y (PET) 5-7mm n
(clinical)
Computed Anatomic 50-200um  Minutes N/A Ionizin  Limitless Yes
Tomograph al (preclinica g
y (CT) 1) radiatio
0.5-Imm n
(clinical)
Magnetic  Anatomic  25-100um  Minutes 107 to Good Limitless Yes
Resonance al and (preclinica  to hours 10°M
Imaging Molecular 1)
(MRI) ~1lmm
(clinical)
Optical Molecular 2-3mm Seconds 10 to N/A <lcm Sometimes
fluorescenc to 10°M
e imaging minutes

*information in this table adapted from James and Gambhir, 2012'%!

1.4.1. Positron Emission Tomography (PET)

PET is a radionuclide imaging technique with high sensitivity, enabling whole-body imaging of molecular
targets using nanomolar concentration of imaging agent. A radiotracer, targeted to a specific molecule or
metabolic process, is injected into the subject. The radiotracer travels to the targeted molecule/process, and
unused/unbound probe is cleared. Radioactivity at the sites of accumulation is detected by the PET camera,
which forms an image based on concentration of the probe within the body. The radiotracer contains a
radioactive isotope (e.g., ['*F], [¥’Zr]), which emits a positron, which then travels a short distance before
colliding with an electron from surrounding tissue. This is called an annihilation event, which results in the
production of two gamma ray photons that travel 180° from each other, subsequently and coincidentally
detected by the PET detector. These signals are back-calculated to the location of annihilation, and are
reconstructed into tomographic images, reflecting the biodistribution of the radiotracer in the subject, thus

providing information on the molecular or biochemical event the radiotracer was targeting'2. The largest
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benefit of PET is its excellent sensitivity, as it provides quantitative data. Due to its limited spatial
resolution, PET is usually paired with another modality for anatomical imaging such as PET-MRI or PET-

CT.

In this thesis, PET is used as the primary imaging modality for in vivo mapping of aldehydes (chapters 4
and 7), fructose metabolism (chapter 6), and long-term tracing of site-specific immunomodulators (chapter

8).

1.4.2. Computed Tomography (CT)

CT emits a narrow beam of x-rays while rotating around the subject, creating a three-dimensional image
based on the different levels of x-ray attenuation of tissues of the body. Tissues that strongly absorb x-rays,
like bone, result in high contrast. Conversely, tissue areas that x-rays easily pass through like air and fat,
appear dark on the image. The result is a rapid high-contrast three-dimensional image with detailed

morphological information and high spatial and temporal resolution.

CT is used in combination with PET to provide anatomical reference in chapter 6 of this thesis. Chapter 7

details the methodology for PET/CT imaging of multisubject small animals.

1.4.3. Magnetic Resonance Imaging (MRI)

MRI is more versatile than CT, as it can be used for both anatomical and molecular imaging. When a subject
is placed into an MRI, which is composed of a large magnet, radiofrequency (RF) coils, and gradient coils,
certain atomic nuclei with magnetic properties (most often 'H) act as magnetic dipoles and align with the
magnetic field. The nuclei align either parallel or antiparallel to the magnetic field, resulting in a small net
difference in polarization, which generates an MR signal. Anatomical images are formed from the hydrogen
signal in water in tissues. Pulse sequences, generated by the RF coils tip the magnetic dipoles out of
alignment, and their relaxation back to equilibrium (longitudinal [T1], transverse [T2]) creates contrast
between different tissues due to the differences in relaxation times. Pulse sequences are manipulated based

on the tissue being imaged to increase contrast, including sequences that reveal physiological information.
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This type of MR imaging is non-specific, as it does not target a specific substrate. With the use of molecular
imaging contrast agents, more information can be revealed using MRI. Targeted Gd-based agents, for

example, are capable of sensing metabolite levels, alterations in tissue pH, redox state, and oxygenation'®.

CEST (chemical exchange saturation transfer) MRI is a technique whereby a targeted probe containing an
exchangeable 'H temporarily saturates (i.e. net zero magnetization) a tissue by exchanging its proton with
surrounding water molecules proportional to the concentration of the target, resulting in reduced or no
image signal'®. The benefit of CEST is not only to allow for specifically targeted molecular probes to be

used, but sensitivity is amplified exponentially as 'H transfer is continuous until a steady state is reached.

MRI is used in chapter 5 of this thesis for molecular imaging of aldehydes in a mouse model of concussion
and is used in chapters 5 and 8 for anatomical imaging. Furthermore, the development of MRI probes for

molecular imaging of aldehydes is reviewed in Chapter 2.

1.4.4. Optical Fluorescence Imaging (confocal microscopy)

Fluorescence microscopy involves using fluorescently tagged reporters or molecules (probes) to visualize
molecular events or targets in living cells or ex vivo tissues in real time. This imaging modality can be
highly sensitive, however, the use of low-energy photons limits the depth of penetration, rendering this
technique virtually useless for deep tissues in human subjects. Depth of penetration can be gained by using
specialized microscopes (e.g. confocal and two photon microscopy) and using near-infrared fluorescence
to decrease scattering, attenuation, and autofluorescence. Its utility, at least in this thesis, lies in the ability
to image biochemical processes in live cultured cells. When the fluorescent probe is added to the sample,
application of an external light source (excitation) is absorbed by the fluorophore, and triggers an emission
of light that is lower in energy (longer wavelength), revealing the location of probe accumulation. To
decrease background signal, the probe needs sufficient time to bind to its target so the remainder can be
cleared/washed, or an “activatable” probe is used, where the probe “turns on” when bound to its target,
eliminating the need for washing. This type of molecular imaging uses activity-based sensing, which uses
105

molecular reactivity for selective detection (i.e. fluorescence turn on) of an analyte
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In fluorescence microscopy, light passes through the entire field of view of the sample, and any emission
from fluorescent molecules outside of the focal plane is also detected, adding blur to the image and reducing
resolution. Confocal microscopes emit light from a laser that is reflected from a mirror to the objective lens
which focuses the beam on a single point on the sample. A pinhole rejects out-of-focus light , allowing for
higher resolution images in thicker samples!®. The image is constructed as the illumination point moves
over the sample, scanning an optical section (slice), with the ability to create a 3D image by collecting z-
stacks. Overall, fluorescence microscopy provides a useful tool for evaluation of new imaging agents and

understanding of molecular processes at the cellular and sub-cellular level.

In chapter 3 of this thesis, a fluorescent aldehyde-binding activity-based probe is described and used to

image aldehydes in live cells in chapters 3 and 5.
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1.5. Metabolism of fructose
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Figure 1.5. The metabolic pathways of fructose from glucose or dietary consumption. The polyol
pathway (yellow) is a two-step mechanism whereby glucose is converted to sorbitol by aldolase reductase,
then to fructose by sorbitol dehydrogenase. This endogenous fructose or dietary fructose enters the
fructolysis pathway where it is converted into fructose-1-phosphate by ketohexokinase C-isoform (KHK-
C). This step consumes adenosine triphosphate (ATP), and proceeds via the purine degradation pathway to
produce uric acid (red), and via the caloric pathway (blue). In the caloric pathway, aldolase B converts
fructose-1-phosphate into dihydroxyacetone phosphate (DHAP) and glyceraldehyde, which are
enzymatically converted to glyceraldehyde-3-phosphate. From there, the production of energy sources like

glucose, lactate, and triglycerides are produced by different metabolic pathways.

The polyol or sorbitol pathway is a two-step mechanism which converts glucose into fructose (Fig. 1.5.).
During normoglycemic conditions, the glycolytic pathway converts glucose into ATP for energy, and
produces NADPH. Excess glucose can be stored as glycogen or fatty acids. Under conditions where
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hexokinase is saturated'”’, for example under persistent hyperglycemia, the polyol pathway is upregulated.
During this process, glucose is converted to sorbitol by aldol reductase, utilizing NADPH to drive the
reaction. The sorbitol is then converted into fructose by sorbitol dehydrogenase, requiring NAD+ to drive
the reaction, leading to NADH production. Fructose is then transported from the gut to the liver by the
portal vein for metabolism, where it is immediately converted into fructose-1-phosphate by KHK-C. It is
then split into glyceraldehyde and DHAP by aldolase. Glyceraldehyde is converted to glyceraldehyde-3-
phosphate, which, along with dihydroxyacetone, can proceed by various metabolic pathways to produce
energy substrates like glucose, glycogen, lactate, and fatty acids'®. Fructose metabolism however, unlike
glucose metabolism, is “unregulated,” as it bypasses the rate-limiting step of phosphofructokinase (PFK),

allowing for de novo lipogenesis in the liver.

Under diabetic conditions, ~30% of glucose is metabolized via the polyol pathway'?. It is believed that this
pathway plays a role in end-stage diabetes, as some tissues including the retina, kidneys, and Schwann cells
do not possess sorbitol dehydrogenase, which results in toxic accumulation of sorbitol. Along with the
accumulation of sorbitol, the endogenous production of fructose and NADH have also been implicated in
the pathogenesis of diabetes. The result of these products is retinopathy!!'®!'!| nephropathy'?, and
neuropathy'!®. In other tissues, this pathway leads to overproduction of fructose, which is metabolized by
KHK-C, requiring ATP. A large load of fructose can deplete ATP, relieved by aldenylate kinase producing
AMP, which is turned into uric acid, correlating with hyperuricemia and hypertension''*. Fructose can also
glycate proteins via the Maillard reaction, leading to protein dysfunction''>. In fact, fructose is a more potent
glycating agent than other sugars'!'®!"", This is where fructose and its metabolites (methylglyoxal, glyoxal,
deoxyglucosone) form adducts with amino groups in proteins, DNA, and lipids, resulting advanced
glycation end products''®. Furthermore, the utilization of NADPH in the first step of the polyol pathway
leads to less cofactor available for GSH reductase, a critical enzyme needed for the maintenance of the

intracellular pool of GSH, thereby impairing the cell’s response to oxidative stress''®.
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The polyol pathway therefore functions to metabolize glucose when the primary glycolytic pathway and
the NAD+:NADH redox balance is overwhelmed'. Although this metabolic pathway may be necessary at
times for cell survival, the excessive consumption of NADPH leads to uncontrolled production of ROS'?°,
and the depletion of intracellular ATP and subsequent generation of uric acid activates various signaling

pathways, leading to a burst of oxidative stress, especially in the mitochondria'?!.

In 2023, a new mechanism by which fructose promotes metabolic complications was discovered by Helsley
et al'®. They found that fructose increases KHK-C, which can then increase lipogenic proteins, and increase
triglyceride accumulation. KHK-C increases global protein acetylation and decreases SIRT2, the major
cytoplasmic deacetylase. This mechanism explains how fructose increases lipogenesis, and decreases fatty

acid oxidation.

1.5.1. Fructolysis in cardiac disorders

While it is generally accepted that excess fructose consumption leads to metabolic syndrome!?, type 2
diabetes'', and nonalcoholic fatty liver disease'?, recent attention has been brought to the role of fructose
in the pathogenesis of cardiometabolic diseases and cardiovascular diseases'>*!%, A large study of over
88,000 women followed for 24 years revealed those who consumed >2 servings per day of sugar-sweetened
beverages (predominately sweetened with high-fructose corn syrup in the US, accounting for the majority
of total dietary fructose intake), had a significantly increased risk of coronary heart disease compared with

infrequent consumers'%,

Conditions that lead to a reduction in O, available to tissue activate hypoxia-inducible factor 1a (HIF1a),
a transcription factor responsible for the activation of target genes which produce proteins responsible for
various cellular processes for cell survival'?’. An important study published in 2015 shows that myocardial
hypoxia in human and mouse models of pathological cardiac hypertrophy activates fructolysis through
HIFla activation of SF3B1, by mediating the splice switching of KHK-A (low affinity for fructose) to
KHK-C (high affinity for fructose)'?®. Activated cardiac fructolysis mediated by this SF3B1-KHK-C axis
ensures a high glycolytic turnover. Furthermore, excessive fructose production via the polyol pathway in
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the liver can lead to systemic circulation of fructose'?*, which drives fructose and glucose uptake by
cardiomyocytes, leading to cardiac hypertrophy'?®. The HIF 1 a-driven conversion of fructose carbon into
lipids also drives the accumulation of lipids in cardiac hypertrophy as the fructose-1-phosphate product
DHAP is used for the glycerol backbone in triglyceride synthesis!?®. Lipid accumulation in the heart is

considered pathologic and is a key feature of the diabetic heart'?’.

A later study investigated whether transcriptional responses related to fructose metabolism were also seen
following myocardial infarction (MI)!*. Ischemic cardiac tissue showed an increase in HIF 10 abundance
as well as an increase in a direct target of HIF 10, indicating it was transcriptionally active at 1- and 3-days
post-MI. MI causes chronic stabilization of HIFlo in the heart, which supports pathologic cardiac
hypertrophy and contractile dysfunction. Considering the SF3B1-KHK-C axis is driven by HIFla

activation, there exists a link between hypoxia-mediated anabolic growth and fructolysis in the heart."'.

1.5.2. Fructolysis in neurological disorders

In the last few years, research has been focused on the ability of fructose metabolism to induce
neuroinflammation!*>134, Activation of pro-inflammatory mediators is seen in the brains of rats fed high
fructose diet, including increased expression of pro-inflammatory cytokines interleukin (IL6) and IL1B'%,
tumour necrosis factor alpha (TNFa)'*?, and increase in glial fibrillary acidic protein (GFAP)'**, suggesting
cerebral fructose metabolism induces local gliosis and inflammation, which cause neuronal injury. The
astrogliosis and inflammation initiated by fructose metabolism are mediated by an increase in toll-like
receptor 4(TLR4), myeloid differentiation factor 88, and Nuclear Factor kappa B (NFkB) espression'?.
Histone deacetylase 3 (HDAC3) overexpression is also seen, which prolongs the inflammatory response by

regulating NFkB-dependent transcription!*¢

. The activation of the TLR4/NF«B pathway induces microglia
activation in the hippocampus, resulting in reduction of neurogenesis'*’. Indicators of mitochondrial
dysfunction leading to oxidative stress are seen in the hippocampus even after short periods of fructose
consumption in rats'**!3, Increases in lipid peroxidation and nitrotyrosine are also elevated suggesting

oxidative damage to proteins and lipids occur in the brain in response to high fructose feeding'**'*°. In
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response to long-term high-fructose supplementation, rat hippocampus and cerebral cortex show higher

level of ROS, lipid peroxides, and carbonyls, and lower GSH compared to controls'*.

Recently, a link has been proposed between Alzheimer’s disease and cerebral fructose metabolism'!.
Cerebral metabolic dysfunction is a feature of Alzheimer’s disease and other forms of vascular dementia as
evidenced by brain glucose hypometabolism seen in regions of the brain in early stages of disease by
['®F]FDG-PET!#>!4_ Cerebral insulin resistance can be defined as a failure of brain cells to respond
normally to insulin, resulting in synaptic, metabolic, and immune dysfunction'*. In 2008, Stranahan et al.
discovered that rats fed with a high-fat, high-glucose and 20% high fructose diet to promote insulin
resistance had reduced hippocampal synaptic plasticity and impaired cognitive performance!#’. This study

146 may have a profound

provided evidence that insulin resistance promoted by excess dietary fructose intake
effect on the hippocampus, one of the main regions of the brain affected by Alzheimer’s disease'*.
Therefore, dietary intake of fructose is associated with cognitive dysfunction!*®, which has been shown in
many animal models'3*13%14-15! and in humans'>*!%* | Insulin resistance affects similar brain regions as does
Alzheimer’s disease, supporting the hypothesis that insulin resistance from chronically elevated insulin

154 'While type 2 diabetes is associated with insulin

levels, may promote neurodegenerative diseases
resistance and is a risk factor for neurodegenerative dementias, especially Alzheimer's disease, these
diseases may also occur in the absence of these conditions. Therefore, it has been proposed that the unifying
link between this cerebral metabolic dysfunction and Alzheimer's disease may be due to intracerebral

fructose metabolism'!. Other risk factors for Alzheimer’s disease including high glycemic diets'?!5>:156,

162,163 : 164
199 aging'**, and

high salt diets (resulting in hyperosmolarity)'>’-15°, TBI!3*16%161 "a]cohol consumption
genetics '°!, are also activators of endogenous fructose metabolism via the polyol pathway. Further support

for this hypothesis includes increased levels of intracerebral polyol pathway intermediates in patients with

Alzheimer’s diesease'®’.

The hypothesis that fructose metabolism in the brain is a driver of Alzheimer’s disease is supported by

numerous pieces of evidence. First, we know that the human brain is capable of producing endogenous
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fructose via the polyol pathway'*¢, and consumption of dietary fructose remains high!'®®, which can cause
cerebral insulin resistance'*®. This metabolism of fructose induces local inflammation and oxidative
stress'*?, and leads to a depletion of energy. The protection from this oxidative stress in neurons, unlike in
other cells, is to use glucose in the pentose phosphate pathway to generate reduced GSH, thereby consuming
the bioenergetic stores of glucose, necessitating another source of energy'®’. Glucose hypometabolism can
be seen by ['*F]FDG PET scans of brains affected by Alzheimer's disease. This oxidative stress results in

neuronal dysfunction and apoptotic death'®’.

Several studies have also indicated that fructose metabolism exacerbates the pathology of brain
injury'3*1681¢9 "TBI pathology is associated with a persistent metabolic crisis in the brain'”, where the
control of brain glycolysis is dysregulated!”!. Furthermore, metabolic dysfunction like diabetes and insulin
resistance are predictors of negative outcomes including mortality in TBI patients'’>!7*. Agrawal et al.
propose that dietary fructose consumption aggravates the deleterious effects of TBI on cognitive function
by disrupting metabolic pathways that regulate plasticity and cognitive function'*. Fructose metabolism
disrupts insulin signaling in the brain'?, as well as brain-derived neurotrophic factor (BDNF) signaling,
which participates as a neuromodulator important for neuronal plasticity!’. From here, the effects of TBI
and fructose are compounded as they both inhibit pathways associated with energy metabolism, decreasing
oxidative phosphorylation and bioenergetics, resulting in loss of cognitive function and lipid peroxidation

of the plasma membrane, evidenced by increased ROS'.

Shraddha et al. propose another deleterious fructose mechanism associated with TBI via the liver'®. TBI
triggers a quick hepatic response, whereby chemokines are produced in the liver to respond to the trauma
by regulating the central nervous system’s (CNS) inflammatory response!”>. The authors make the
connection between the liver and TBI since the liver is the primary site of fructose metabolism!'’¢, leading
to the hypothesis that the liver is the site for convergence of TBI and fructose metabolism on TBI
pathology'®. It is important to note however, that the primary site of fructose clearance is the small intestine,

and fructose reaches the liver when intestinal KHK-C is saturated'”’. They report that fructose consumption

23



reduces insulin receptor signaling following TBI, more than TBI alone. Fructose consumption also
potentiates the increase in hepatic TLR4 post-TBI, which exacerbates inflammatory processes. Finally, they
show that hepatic lipid accumulation, under hormonal control, is higher post-TBI after fructose exposure,
which is another piece of evidence indicating that metabolic perturbation induced by fructose metabolism

potentiates the effects of TBI on systemic metabolism, thereby worsening the outcome of the injury.

More recently, Perez-Corredor ef al. induced obesity in rats with a high fructose diet and subjected them to

ischemic brain injury, followed by neurological and histological testing!®

. The fructose-consuming rats had
worse neurological performance post-injury and exhibited neuronal loss. Cellular responses in this group
included an increase in pro-inflammatory cytokine IL1f3, microglial activation, loss of neuronal nuclear
protein, decreased BDNF, destabilization of microtubules (microtubule-associated protein 2), and increased
hyperphosphorylation of tau, all resulting in decreased plasticity and increased tauopathy. This study once
again shows mortality and morbidity are increased after brain injury in fructose-fed animal models'®®. These

studies suggest fructose metabolism reduces neural resilience and exacerbates pathophysiology following

brain injury and may be a predictor of outcome.

1.5.3. Fructose as an oncologic driver
Fructose has also been implicated in oncogenesis and tumour growth, as the potential link between obesity

178179 with some types of cancer!®!®2 It has been estimated that only 45% of

and metabolic syndrome
primary tumours are detectable by FDG-PET'®, and glucose transporter 1 (GLUT1) is only detected in 87
of 154 human malignant tumours'®, suggesting there may exist an alternate source of energy for
oncogenesis. In 2010, Liu et al. proposed fructose may be an alternative substrate for pancreatic cancer cell
proliferation'®. In this study, the researchers were able to proliferate numerous lines of pancreatic cancer
cells in fructose-containing media, just as they proliferate in traditional glucose-containing media. They
found that fructose had a low contribution to glycolysis and fatty acid synthesis when compared to glucose,

but fructose is preferentially used for nucleic acid synthesis via the pentose phosphate shunt to provide five-

carbon pentose for RNA synthesis. With these results, the authors concluded that fructose metabolism
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enables pancreatic cancer to proliferate more efficiently, potentially implicating fructose-mediated actions
as novel therapeutic targets for pancreatic cancer therapy'®. Goncalves et al. subjected mice genetically
predisposed to developing intestinal tumours to either high-fructose diet or control diet. Mice fed a high
fructose diet developed larger tumours of worse severity compared to control mice. The authors proposed
that intratumoural fructolysis produces fructose-1-phosphate via KHK, which rapidly depletes ATP, leading
to PFK activation and therefore increased glycolysis and fatty acid synthesis, which both support tumour
growth'®, This study therefore demonstrates that fructose metabolism can enhance tumour growth and
suggests the inhibition of fructolysis may be a therapeutic target for slowing the growth of intestinal
tumours. In 2022, Chen et al. showed that glioblastoma multiforme cells can switch from metabolizing
glucose to fructose in response to glucose deprivation by increasing expression of GLUTS and aldolase B,
under control of stress-induced transcription factor ATF4!'¥7. Interestingly, GLUT5 and aldolase B

expression correlated with poor prognosis in glioblastoma specimens.

The contributions of fructose metabolism to cancer growth are summarized in a review by Nakagawa et

al."®®. Fructose depletes intracellular ATP, which activates glycolysis'

. Uric acid, formed via the pentose
phosphate pathway forms mitochondrial ROS, which may contribute to cancer growth!®. Lactate, an end-
product of fructolysis, may contribute to angiogenesis'”, and may be used for immune evasion, metastasis,
and self-sufficient metabolism!®!. Importantly, a call is made for PET fructose imaging as an alternative to

8F]-FDG-PET imaging in the approximately 55% of cancers that may preferentially utilize fructose as an
ging pp y yPp

alternate energy source'®s,

1.5.4. Development of metabolic imaging radiotracers

The switch from glucose to fructose metabolism in the above diseases, especially cancer, has driven the
need for the development of metabolic fructose radiotracers for diagnostic imaging. One target has been
GLUT receptors. ['*F]-labeled 2-deoxy-2-fluoro-D-glucose, or ['*F]-FDG is a radiolabeled glucose analog,
and is the most commonly used radiopharmeceutical'*2. ['*F]-FDG has an ['®F] in place of a hydroxyl group

at the 2-C position. It enters the cell via GLUT1 or GLUTS3, is phosphorylated by hexokinase, and is trapped
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in the cell until dephosphorylation by glucose-6-phosphatase, as it cannot be further metabolized by the
glycolysis pathway. Intracellular FDG accumulation increases when there does not exist sufficient glucose-
6-phosphatase, if there are excessive glucose transporters, and/or if there is a high glycolysis rate in the
tissue. Typically, cancer cells possess some or all of these traits, making ['®F]-FDG an effective metabolic

radiotracer for these cancers'®?

. Many diseases do not present anatomical changes until later in disease
stage, or never at all. Metabolic radiotracers like ['*F]JFDG are therefore crucial to diagnose these diseases

that would otherwise be missed by anatomical imaging alone like MRI or CT. ['®F]-FDG is used clinically

for neurology'**, oncology'®, cardiology'®, and inflammatory conditions'®’.

However, ['®F]-FDG is non-specific, as it is taken up by all cells that express these glucose transporters,
creating high signal to noise ratio in some tissues (brain, muscles, salivary glands, heart, gastrointestinal
system, urinary system, thyroid glands), and false positives'®. Furthermore, false negatives are possible in
tissues showing lack of radiotracer uptake, however these can just as well be malignancies with low
glycolytic activities, for example in prostate cancer!>>? and breast cancer®!. Therefore, ['*F]-FDG uptake

should only be indicative of a tissue’s glycolytic activity, and further investigations are warranted.

Researchers have attempted to create a new diagnostic PET imaging agent for fructose metabolism to fill
the gap that ['®F]-FDG leaves. Two iterations of this probe have been attempted: ['8F] 1-deoxy-1-fluoro-D-
fructose(['*F]1-FDF)?*?, where the ['*F] is installed at C,, and ['®F] 6-deoxy-6-fluoro-D-fructose (['*F]6-
FDF)?*, with ['*F] installed at Ce. In theory, these radiolabeled fructose analogs would be taken up into
cells by GLUT5 and GLUT2, and be trapped in the cell similar to the mechanism of ['*F]-FDG. The first
attempt, ['*F]1-FDF, resulted in rapid clearance through the kidneys and liver in vivo, indicating
intracellular trapping was not achieved. The second iteration, ['*F]6-FDF, demonstrated significant bone

uptake, suggesting unwanted metabolic processing of the radiotracer.

In Chapter 6 of this thesis, a new metabolic fructose radiotracer, ['*F]4-FDF is presented and compared to
['®F]6-FDF and ['®F]FDG in a heterotopic hepatocarcinoma xenograft mouse model. Then, we compare our
radiotracer with ['®F]-FDG in a mouse model of LPS-induced systemic inflammation. Mechanisms of

26



action are described in detail from metabolomics studies using heavy labelled [U'*C] radiotracer analogs.
This novel radiotracer, ['*F]4-FDF, represents for the first time, a promising diagnostic radiotracer that traps
and maps fructose uptake in vivo to complement ['®F]-FDG, thereby providing clinicians with a tool to

visualize pathological fructolysis.

1.6. Site Specific Inmunomodulators

In the 1890s, Dr. William Coley published papers detailing the research he conducted on patients with
inoperable tumours?**?%, Several physicians in the late 1800s had written reports about patients with
inoperable or recurring tumours having undergone spontaneous remission after suffering from bacterial
infections in the hospital. After recognizing this pattern, Coley conducted experiments whereby live
bacterial cultures were injected into his patients to induce fever with the ultimate goal of curing the cancer.
Erysipelas, a febrile skin infection caused by group A Streptococcus, appeared in the cases where tumour
regression was observed. He proposed the toxins within the bacteria held curative properties, rather than
the action of the bacteria on the body. If this hypothesis was true, the danger of bacterial infection, especially
in the age before antibiotics®®, could be avoided, and dosing of the toxins could be regulated. From his own
large-scale experiments and cases detailed by other physicians, Dr. Coley proposed a concoction for
treatment of malignant sarcoma, later coined as “Coley’s toxins”, which included co-culture of heat-
inactivated gram-positive streptococcus and heat-inactivated gram-negative Serratia marcescens to
increase virulence. After successful cancer treatment of twenty patients, Coley proposed that these toxins
elicit an antagonistic and specific influence on malignant tumours, and that the reaction to the toxins was

systemic in nature.

While this was a major breakthrough in medicine, more sophisticated research was needed to properly
evaluate the therapeutic and toxic effects of Coley’s toxins, as the understanding of immunotherapy was
still decades away. The advent of immunosuppressive cancer treatments like radiotherapy and later
chemotherapy in the 1940s pushed Coley’s toxins to the sidelines as the broad curative effects of these new

treatments were more attractive than the selective use of the toxins. Coley’s toxins were used for cancer
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treatment by at least 42 physicians across Europe and North America until 1963, when the FDA declared
Coley’s toxins as a “new drug” in 1963, and could no longer be used in U.S. without rigorous clinical testing

proving safety?"’.

As immunosuppressants pose many risks for patients including nephrotoxicity, neurotoxicity,
myelosuppression, and malignancy?®®, many researchers are once again working on the development of
new immunotherapies targeting specific tissues using microorganisms to stimulate the immune system?®-
212 The mechanism by which Coley’s Toxins operates can be broken down by the two arms of the immune

213 The innate

system: the non-specific innate immune response, and the specific adaptive immune response
immunity represents the first line of defense against pathogens, and includes physical barriers (epithelial
cells), complement proteins, cytokines, chemokines, enzymes, and lipids. The innate immune system also
relies on a family of pattern recognition receptors (PRRs) that detect pathogen-associated molecular
patterns (PAMPs). Upon PAMP detection (from bacterial toxins, for example), PRRs trigger signaling
cascades resulting in activation of pro-inflammatory molecules as an early response to infection?'¥, which
is a pre-requisite for the second arm of the immune response, the adaptive immunity. Adaptive immunity is
based on the activation of T and B cells, which target specific antigens and create immunologic memory in
the case of re-exposure to pathogens?'®. For example, Echerichia coli has been used clinically to treat
inflammatory bowel disease and irritable bowel syndrome?'32'®. E. coli is believed to mediate anti-
inflammatory and barrier-protection effects®!’?!®, Using synthetic biology, live biotherapeutics are being

engineered to target specific mechanisms of disease?'?

. Many current cancer immunotherapies focus on
adaptive immunity and the elimination of immunosuppressive mechanisms of cancer?!®. Some researchers
believe the key to immunotherapy is not only to focus on adaptive immunity, but also to include the innate

immune system in the initial response, which has been effective in pre-clinical models®*.

The team of researchers at Qu Biologics take a unique approach to the historical immunotherapeutic
approach with heat-inactivated bacterial therapies tuned to restore the function of the immune system in

specific tissues. These therapies, named Site Specific Immunomodulators (SSIs), are designed to activate
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the innate immune response in an organ-specific manner, based on the target of the bacteria from which the
SSI is derived. Qu Biologics has developed two SSIs currently in clinical trials for ulcerative colitis/Chron’s
disease (QBECO)**!, and lung cancer (QBKPN)?*2, The current understanding of the mechanism of action
of these SSIs is discussed in Chapter 8 of this thesis, along with my experimental approach to uncover the
mechanisms of trafficking and differential biodistribution of the two SSIs using [**Zr]-radiolabeled SSIs in

mice.
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Thesis Objectives and Overview

Objectives and hypotheses
The first objective of this thesis is to develop a toolkit of molecular imaging probes across different

modalities to better characterize the role of aldehydes in disease and injury. While the literature suggests
aldehydes and their resulting adducts are implicated in many diseases, it is not well understood whether
they are signaling mediators for pathological processes, if they propagate disease, or whether they are
simply biproducts. With a molecular imaging toolkit, we can begin to visualize the spatial and temporal
production of aldehydes in cells and in vivo following a range of cellular stressors, disease, and injury. I
hypothesize that if aldehydes are endogenously produced following disease and injury, then the build-up of
these aldehydes, or “total aldehydic load,” can be used as an imaging biomarker for early diagnosis of these

pathologies.

The second objective of this thesis is to investigate the metabolism of fructose in inflammatory disease. In
order to accomplish this, a fructose-analog radiotracer that undergoes intracellular trapping in fructose-
metabolizing cells must be developed. First, we must investigate why previous attempts by other
researchers have been unsuccessful by following the metabolic pathway of the fructose analog. Second, we
must improve on the design of the radiotracer for successful intracellular trapping. Once achieved, this
radiotracer can be used to visualize the switch from glucose to fructose metabolism in various pathologies.
I hypothesize that if cellular metabolism switches from glucose to fructose in disease, then a fructose-analog

radiotracer can be used as a diagnostic imaging tool for these diseases.

The final objective of this thesis is to better characterize the trafficking and biodistribution of SSIs in vivo.
This can be accomplished through radiolabeling the SSIs and subsequently tracking with PET imaging. The
SSIs QBECO and QBKPN are used clinically to mediate the innate immune response in patients with UC
and lung cancer, but the full mechanism of action is not understood. By mapping the biodistribution of these
immunomodulators, we will begin to understand whether these SSIs behave like live bacterial pathogens,
how they are trafficked to the targeted organ from site of injection, and how innate immune cells respond

to the administration of the therapy. I hypothesize that if SSIs modulate the immune system in the same
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organs as their live bacterial species from which they are derived, then differential distribution will be seen

by PET imaging of the two radiolabeled-SSIs.

Overview
In this thesis, I use molecular imaging techniques to better understand the drivers of pathological

inflammation described above using probes developed in our laboratory in various cell and animal models.
In chapters 2-5, I focus on endogenous aldehydes as mediators, and potentially propagators of cellular
stress, disease, and injury. Chapter 2 is a review article on MRI contrast agents for in vivo imaging of
aldehydes. Included is an overview of endogenous aldehydes, the important considerations for creating an
aldehyde-detecting molecular imaging probe, and a comprehensive review of all current aldehyde-binding
MRI probes. Chapter 3 is a research article where we introduce an aldehyde-binding fluorogenic probe
used to visualize total cellular aldehydic load. Chapter 4 is a research article introducing a PET radiotracer
for in vivo imaging of total aldehydic load used in a mouse model of local aldehyde rich tissue, and an LPS
model of systemic inflammation. Finally, Chapter 5 is a research article using a novel CEST-MRI probe to
visualize aldehyde production in a mouse model of mild traumatic brain injury. These three aldehyde-
binding molecular imaging agents comprise a new toolkit for imaging total aldehydic load in cells and in

vivo towards better understanding the pathophysiology of aldehydes.

Chapter 6 of this thesis is a research article introducing a new metabolic fructose radiotracer for PET
imaging. While it is well known that fructose metabolism plays a major role in many diseases, the
development of radiotracers to visualize fructolysis in vivo has proved difficult. Through thoughtful
consideration of its biochemical pathways and using metabolomics, we developed an ['®F]-labeled fructose
analog that becomes trapped in cells undergoing fructolysis, allowing for mapping of systemic fructose
metabolism. Mice bearing heterotopic xenografts of hepatocarcinoma, or LPS-induced neuroinflammation
are imaged by PET/CT. The methodology for multisubject PET/CT imaging is outlined in chapter 7, along

with an example of aldehyde imaging of mice with APAP overdose.
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Finally, chapter 8 is a research article using PET to track the biodistribution of radiolabeled
immunotherapies administered to mice. These immunotherapies, called SSIs, were developed by Qu
Biologics. While these SSIs are in clinical trials, their trafficking and biodistribution are poorly understood.
Using a radioligand with a long half-life, the SSIs were radiolabeled and tracked in vivo for 8 days,

elucidating the differential biodistribution of the two SSIs.
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2.1. Introduction to the Review Article Presented in this Chapter

The development of aldehyde-trapping MRI probes has been an ongoing pursuit for the labs of Dr. Peter
Caravan and Dr. Adam Shuhendler over the past decade. Although this class of probes has only been
explored by these two groups, significant progress has been made toward imaging aldehydes in pre-clinical
disease models by MRI. In this invited review written for the journal Analysis & Sensing, I discuss the need
for aldehyde-detecting imaging agents, the requirements for development, and a comprehensive up to date

summary of these probes.

2.2. Author Contributions

A K. wrote the manuscript and made the figures. A.K, M.S. and A.S. edited the manuscript.

2.3. Copyright

Reproduced from Ref. Anal. Sens. 2024, €202300087. https://doi.org/10.1002/anse.202300087

2.4. Abstract

Endogenous aldehydes are produced via tightly regulated metabolic processes and are rapidly cleared by
aldehyde dehydrogenases. However, dysregulation of these processes leads to accumulation of toxic
aldehydes in affected tissues, resulting in electrophilic stress forming pathogenic DNA- and protein-
adducts. The highly reactive aldehydes contribute to numerous pathologies including traumatic brain injury,
cancer, cardiovascular diseases, and fibrosis. Due to their transient nature and electrophilicity, the
development of molecular imaging probes with the ability to trap and detect aldehydes in vivo remains a
challenge. Herein, two classes of aldehyde-mapping MRI probes are discussed: (1) gadolinium and
manganese-containing macrocyclic MRI agents targeting extracellular aldehydes produced during active
tissue fibrosis, and (2) metal-free hydrazoCEST-MRI agents for total intracellular aldehyde detection. This
comprehensive review outlines the development, mechanisms, and potential applications of diverse MRI
probes targeting aldehydes, aiming to advance non-invasive diagnostic tools, disease staging, and

therapeutic interventions in multiple pathologies.
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2.5. Introduction

Aldehydes are produced in vivo as intermediates of tightly regulated metabolic processes including the
metabolism of carbohydrates, lipids, amino acids, biogenic amines, vitamins, steroids, and pharmacological
agents'. At normal levels, these aldehydes are neutralized by numerous enzymatic and non-enzymatic
mechanisms do not cause harm to cells or tissues. Some short-chain aldehydes act as regulatory molecules
involved in cell signaling pathways®*. Dysregulation of these metabolic processes, however, leads to a
build-up of endogenous aldehydes through metabolic processes including lipid peroxidation®, glycation®,

carbohydrate autoxidation”®, polyamine oxidation’, and myeloperoxidase activity'®!!

. The resulting
intracellular electrophilic aldehydes produced by these processes react directly with proteins,

phospholipids, and DNA, forming adducts leading to protein dysregulation and DNA damage. There is

accumulating evidence that these reactive aldehydes are mediators of many pathologies including mild

13-18 19-22
H

cognitive impairment in early Alzheimer’s disease!?, traumatic brain injury'*-'8, cardiovascular disease

23,24 25-27

tissue fibrosis*~*, and cancer
Chronic tissue inflammation results in an accumulation of extracellular matrix (ECM) molecules that make
up scar tissue?®. While fibrosis is initially beneficial in wound-healing, progressive fibrosis due to
unresolved inflammation leads to the replacement of normal tissue with scar tissue, eventually leading to
organ failure and death. Pulmonary fibrosis?’, hepatic cirrhosis®®, atrial fibrillation®!, myocardial
infraction®, and diabetic nephropathy®® are common diseases characterized by tissue fibrosis. During
fibrosis, lysyl oxidase (LOX) and LOX-like enzymes are upregulated and catalyze the oxidation of lysine
to the aldehyde allysine®*. The highly reactive extracellular allysine participates in condensation reactions
with other aldehyde residues, or with unmodified lysine residues, resulting in cross-linking of elastin and
collagen® (Fig.2.1). When fibrogenesis is no longer active, LOX activity stops and allysine residues can
spontaneously condense with peptidyl aldehydes (allysine aldol condensation) or with g-amino groups of
peptidyl lysine. During active fibrogenesis, the formation of allysine residues is faster than subsequent
clearance reactions, thus creating an allysine-rich environment in actively fibrotic disease3®3’.
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Figure 2.1. Allysine aldehydes are produced in fibrotic tissue. During active fibrosis, lysine residues are
converted to allysine by lysyl oxidase (LOX) enzymes, creating allysine-rich tissue. The allysine aldehydes
then undergo transformations with other allysine- or unmodified lysine residues, resulting in cross-linked

collagen, forming scar tissue.

While fibrotic diseases account for nearly half of the deaths in the industrialized world*?®, disease
progression and response to treatment represents an unmet medical challenge®. Non-invasive imaging
techniques like high resolution computed tomography (CT) may be used to classify the extent of fibrosis,
but cannot assess disease activity and progression. Tissue biopsies can be performed to provide some insight
on disease activity, but risk of complications and patient compliance are limiting factors. Non-invasive
diagnostic tools are needed to determine molecular activity within the fibrous tissue in order to stage fibrotic
disease and differentiate active vs stable scar tissue to better monitor disease progression and response to
treatment. This is particularly important for pulmonary fibrosis, a respiratory disease caused by chronic
lung injury. While CT can be used to diagnose pulmonary fibrosis and determine the extent of the disease*,
it cannot distinguish between old scar tissue and actively progressive fibrosis. Idiopathic pulmonary fibrosis
is the most common interstitial lung disease and is associated with a high mortality rate*'. Disease

progression is highly unpredictable, and radiological diagnosis is difficult in early stages of the disease*.
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In addition to pulmonary fibrosis, non-alcoholic steatohepatitis (NASH) is a key chronic liver disease
characterized by fibrosis, as well as steatosis and inflammation. NASH affects approximately 5% of the
general population in the Western world*. Currently, diagnosis relies on an invasive biopsy that carried risk
of complication**. Furthermore, it has been shown from tissue biopsy that fibrosis, rather than steatosis, is
predictive of severe liver disease and mortality®. Current methods of detection (imaging, blood panels), is
not sensitive for early disease, nor can they measure disease activity *®*’. As LOX is a hallmark of
fibrogenesis as discussed above, activity of LOX and its paralogs are increased in liver fibrogenesis*.
Therefore, characterization of fibrosis via molecular imaging of LOX activity would provide a non-invasive

technique for early detection and management of NASH.

2.6.  Requirements for in vivo aldehyde sensing

A molecular imaging probe for aldehydes is used to visualize, characterize, and quantify aldehydes in vivo
for biochemical, biological, diagnostic, and/or therapeutic application. Aldehydes are transient and highly
electrophilic reactive intermediates and will rapidly modify biological nucleophiles like proteins and
nucleic acids. A probe to detect aldehydes must undergo rapid, covalent, and irreversible reactions with
aldehydes that are faster than the reaction of aldehydes with other endogenous compounds. If the probe
contains a beacon moiety that must be cleared for safety (e.g., gadolinium), the aldehyde-probe complex
must be stable long enough to be detected by MRI. The probe should proceed through a bimolecular
mechanism without the requirement for an intermolecular catalyst to form a non-toxic and stable product
under physiological conditions. The probe must be highly soluble and stable in water. High binding affinity
is essential in order to capture the targeted aldehydes where they accumulate, and not be washed out
immediately by circulation. High sensitivity is important as any small change from baseline may be
important in detecting early disease. Finally, a significant signal enhancement with good signal to noise
ratio must be observable by MRI upon reaction with aldehydes. For T1-shortening MRI contrast agents,
this can take the form of changing from low relaxivity when unbound to high relaxivity when bound to

aldehydes to produce sufficient contrast enhancement in diseased tissues. Alternatively, CEST-MRI agents
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have been generated that only produce image contrast when bound to aldehydes, effectively invoking full
signal turn-on upon hydrazone formation. For clinical translation, probe chemistry should be simple, robust,
and amenable to large-scale production. Herein is a comprehensive review of aldehyde-mapping MRI
probes developed to date, categorized into two classes of probes: (1) macrocyclic metal-based paramagnetic
probes for extracellular aldehyde trapping, and (2) small molecule metal-free CEST-MRI probes for
intracellular aldehyde detection (Fig.2.2). Probe design, characterization, in vivo testing, and applications

for the two classes of probes are discussed.
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Figure 2.2. MRI probes for in vivo imaging of pathological endogenous aldehydes discussed in this
review. These probes are designed to map intracellular (orange) or extracellular (grey) aldehydes via

covalent binding of the warhead (red) with the targeted carbonyl (blue).

2.7. Current aldehyde-trapping MRI probes

2.7.1. Macrocyclic Metal-Based Compounds for Extracellular Aldehyde Trapping

While the value of molecular imaging of aldehydes has been widely recognized in the literature*->!, the
development of in vivo aldehyde probes has been limited due to the challenges listed above. Towards
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accessing aldehydes as an imaging-based biomarker of disease, Caravan and co-workers have developed
several MRI contrast agents targeting fibrotic tissue. Early generations of these MRI contrast agents were
targeted to collagen deposition, providing a direct measure of a fibrotic burden, however no measure of
dynamic changes occurring during fibrogenesis was possible’>**. To overcome this limitation, allysine-

targeted MRI contrast agents have been developed.
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Figure 2.3. Gadolinium-based macrocyclic aldehyde-binding MRI compounds developed by the

Caravan group for in vivo imaging of lung fibrosis. Structures from > *.

Since LOX-catalyzed lysine oxidation to allysine is faster than the subsequent formation of crosslinks,
Waghorn ef al. reasoned that an excess of allysine would be associated with active fibrinogenesis, while in
stable disease all the allysine residues will be converted to cross-links*’. They found that the concentration
of allysine in healthy lung tissue was estimated to be ~ 80 nmol/g of tissue, while significant increase (~

150 nmol/g of tissue) was observed in mice with fibrotic lungs (bleomycin injury, see below). These
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concentrations of allysine in the tissue of interest are sufficiently high to be observed by Gd-enhanced MRI,

supporting the hypothesis of differentiating active from passive fibrogenic disease.

Gd-based macrocyclic complexes are widely used as MRI contrast agents due to their high thermodynamic
stability and kinetic inertness, good water solubility and rapid renal excretion®. In the first design for an in
vivo aldehyde-binding MRI probe for imaging of fibrogenesis, Waghorn et al. developed GdOA: an
oxyamine-functionalized probe derived from GADOTA**. This novel probe bears an aliphatic side chain
terminated by an oxyamine group capable of rapid and irreversible reaction with aldehydes to form oximes
(GdOA, Fig.2.3A)**. A control compound was prepared with a non-reactive OCH3 group in place of the
aldehyde-reactive -O-NH moiety. The relaxivity of GAOA was tested in vitro in the presence of naive BSA
or oxidized BSA (BSA-Ald). GdOA has low non-specific binding in the PBS-BSA solution, which
increased by 90% in the presence of BSA-Ald. GAOA showed affinity to binding allysine-rich tissue, rapid
blood clearance, and almost exclusive renal clearance. A bleomycin-induced mouse model of pulmonary
fibrosis was used to test the ability of GAOA to detect fibrotic tissue in vivo. GAOA-injected mice showed
a strong lung signal enhancement in injured mice compared to naive mice, whereas the control probe,
GdOX, showed similar enhancement in both treated and untreated mice. GdOA has also been validated in
mouse models of nephritis, revealing its potential utility in detecting and staging renal fibrogenesis®®. These
results indicated that oxyamine functionalization was necessary for target binding, and that free allysine

could now be accessed for molecular imaging of fibrogenic severity.

A second allysine-targeted MRI probe for fibrogenesis based on GdADOTA was designed by Chen et al.,
this time functionalized with a hydrazide group instead of an oxyamine, which the authors named Gd-Hyd
(Fig.2.3B)™. Hydrazines and hydrazides are capable of rapid reaction with aldehydes to form hydrazones.
In the structure of Gd-Hyd, the aliphatic side chain was reduced to two carbons terminated by a hydrazide
functional group [-(C=0)-NHNH2]. A control compound, devoid of reactivity toward aldehydes was also
prepared (terminal amino group was replaced with N,N-dimetylamino group) and was denoted as Gd-DiMe.
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A similar set of experiments to those associated with GdOA were performed with Gd-Hyd and
corresponding unreactive control Gd-DiMe. While only a modest difference in relaxivity of the Gd-Hyd in
the presence of oxidized BSA was observed in vitro, a remarkable 238% relaxivity increase (13.74 mmol
Is1) was determined for the protein-bound fraction of Gd-Hyd. A decreased affinity to allysine-rich aortic
tissue was associated with Gd-Hyd (Kd 650 pmol) as compared to GdOA (Kd 360 pumol). Importantly,
specificity was demonstrated as there was no aorta binding when the unreactive control Gd-DiMe was used.
Bleomycin-injured mice were again used as the in vivo model for pulmonary fibrosis. Mice that received
Gd-Hyd exhibited a 3.8-fold increase in lung signal compared to mice injected with the control compound
Gd-DiMe, and a 3.7-fold increase compared to sham mice. The use of Gd-Hyd to monitor response to
treatment (disease regression) and disease progression was assessed in mouse models of pulmonary and
hepatic fibrosis. Interestingly, Gd-Hyd is able to distinguish active pulmonary fibrosis from stable scar
tissue, allowing for accurate detection and staging of fibrosis in multiple organs. Gd-Hyd has since been
validated in various in vivo disease models of hepatic injury, fibrosis, and NASH to monitor disease

progression and therapeutic response*>*-6!,

Replacement of the hydrazide moiety in Gd-Hyd with an N-aminopiperazine terminus resulted in the
formation of Gd-Chyd (Fig.2.3C), an allysine-targeted MRI contrast agent with increased reactivity toward
aldehydes®?. The reaction between Gd-CHyd and small molecule aldehyde (2-formyl pyridine) was found
to be ~1 order of magnitude faster under physiological temperature and pH, compared to the reaction with
Gd-Hyd. Moreover, Gd-CHyd hydrazone was ~1 order of magnitude more stable (Kd 45 + 16 pumol)
compared to Gd-Hyd hydrazone (Kd 415 + 63 umol). The in vitro relaxivity enhancement was similar
(~30%) when comparing the samples containing Gd-CHyd and Gd-Hyd in the presence of BSA or BSA-
Ald, and binding with allysine-rich tissue was slightly enhanced with Gd-Chyd. An increased reactivity of
Gd-CHyd toward aldehydes was demonstrated in an in vivo MRI study, wherein the efficiency of Gd-CHyd
was compared with that of Gd-Hyd. In bleomycin-induced lung injury bearing mice, the lung signal
intensity was stronger at all imaging time points when Gd-CHyd was used compared to Gd-Hyd. This
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difference was attributed to slower washout of bound Gd-CHyd from the tissue due to the enhanced stability
of the corresponding hydrazone. As expected, negligible lung signal enhancement is observed upon
administration of Gd-CHyd to healthy mice. Overall, the set of aldehyde targeted Gd-based MRI contrast
agents discussed herein (GdOA, Gd-Hyd and Gd-CHyd) represent a robust and reliable tool for detection

and staging of fibrosis in different organs (lung, liver).
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Figure 2.4. Gadolinium-based macrocyclic dual hydrazine aldehyde-binding (A,B) and mono-

hydrazine (C) MRI contrast agents for in vivo imaging of liver fibrosis. Structures from .

During liver fibrogenesis, like in the lungs, collagen cross-linking is catalyzed by LOX by oxidizing lysine

6465 producing extracellular allysine aldehyde pairs that are absent in normal

amino pairs in close proximity
liver tissue, potentially identifying a highly specific biomarker for active liver fibrogenesis. Ning et al.
proposed an MRI probe with two hydrazine moieties that could covalently dually bond the allysine aldehyde

pairs®. Upon cross-linking, probe tumbling in solution would cease upon binding into a rigid, bridged
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biomolecular-probe complex, resulting in an increase in the tumbling time constant (tr) and a significant
increase in relaxivity, since 11 a. tr!. In addition to the requirements in designing an aldehyde-reactive probe
stated above, this probe also requires the two targeting groups to match the O-O distance of the paired
allysine aldehyde residues (approximately 16.5 A) on the oxidized collagen. Differentiating it from lung-
targeted contrast agents, it must also undergo renal excretion, as hepatobiliary elimination would increase
background liver signal. Two isomeric probes were prepared based on Gd-DOTA: two piperazino-
hydrazine moieties on the a-carbons on two of the Gd-DOTA carboxylate arms to produce (1) cis-1,4-Gd-
CHyd), (Gd-1,4) and (2) trans-1,7-Gd-(CHyd)> (Gd-1,7), where the N-N distance between the piperazino-
hydrazine groups were 16.2 A and 20.7 A, respectively (Fig.2.4A,B). Two additional control compounds
were prepared: (1)Gd-1,4C which replaces one piperazino-hydrazine arm with a piperazine moiety
(Fig.2.4C), and (2)Gd-CHyd, as described above®?, bearing only one piperazino-hydrazine moiety
(Fig.2.3C). The authors find that the introduction of the second hydrazine moiety resulted in faster
hydrazone formation, increasing the on-rate (600%), decreasing off-rate (50%), and increasing affinity by
two-fold for the aldehyde-binding compounds compared to their respective controls. Reactivity, affinity,
and relaxivity were confirmed in vitro with BSA-Ald compared to PBS and unmodified BSA, and using
Gd-DOTA, which lacks an aldehyde-binding moiety, as a negative control. As hypothesized, dual-binding
probes Gd-1,4 and Gd-1,7 had higher protein-bound relaxivity compared to the monohydrazine probes on
account of cross-linking induced tr enhancement. Finally, the probes were tested in a mouse model of
CCl4-induced liver fibrogenesis. Both Gd-1,4 and Gd-1,7 exhibited enhancement in the liver, with a change
in liver:muscle contrast:noise ratio of 2.5+/-1.0 and 1.3+/-0.4, respectively, which persisted for at least 45
minutes post-injection. Control groups receiving Gd-CHyd or Gd-DOTA, or vehicle control mice exhibited
no liver enhancement. A blocking study confirmed specific binding of Gd-1,4 to fibrotic livers. In follow-
up experiments, Gd-1,4 signal enhancement did not correlate with liver collagen content, but tracked with
markers of active fibrogenesis (i.e. LOX, allysine aldehyde, and a-smooth muscle actin). Gd-1,4 was also

shown to specifically bind ex-vivo human fibrotic lung tissue. Overall, Gd-1,4 is a highly sensitive MRI
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contrast agent that binds extracellular allysine aldehyde pairs in fibrotic liver tissue, allowing for non-

invasive hepatic fibrogenesis imaging, but does not report on fibrosis stage.
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Figure 2.5. Manganese-based aldehyde-binding MRI probes for in vivo imaging of liver fibrosis.

Structures from °°.

Caravan and coworkers next focused their efforts on creating a similar liver fibrosis-targeted MRI probe,
but with manganese in place of gadolinium®, considering the long-term safety concerns of Gd-based
contrast agents®’. An additional requirement is presented as free Mn?" is taken up by normal hepatocytes,
which would lead to high background signal, requiring high kinetic inertness to prevent the release of free
Mn?". This time using cis-Mn-1,4-DO2A as a stable, inert starting point for probe design®, the authors
created two probes using the same dual-binding approach as with Gd-1,4. Two piperazino-hydrazine (Mn-
2Chyd; Fig.2.5A), or hydrazide (Mn-2Hyd; Fig.2.5B) moieties were installed onto cis-Mn-1,4-DO2A. No
free manganese was detected in in vitro experiments, supporting the kinetic inertness of the agents.
Reactions with BSA-Ald and BSA indicated negligible non-specific binding, and a 103% increase in
relaxivity of Mn-2CHyd with oxidized BSA. In healthy mice, Mn-2CHyd showed little enhancement to the
liver over time. After determining Mn-2Chyd has high stability, high turn-on upon binding with the paired
aldehydes, and low accumulation in healthy liver, it was tested in a mouse model of CCl4-induced liver

fibrogenesis. Liver enhancement was seen in diseased liver with Mn-2CHyd compared to Gd-DOTA, and
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compared to vehicle treated mice, indicating this probe is sensitive and specific for in vivo detection of liver

fibrogenesis in mice.
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Figure 2.6. Extracellular aldehyde-targeting Mn-based MRI probes for in vivo imaging of lung, liver,
and Kidney fibrosis. Aldehyde-reactive groups are either an alkyl hydrazine (A,C), or a-carboxylate

oxyamine (B). Structures from .

In 2023, three more Mn(II)-based MRI probes containing aldehyde-targeting groups were presented by Ma
et al. for the imaging of allysine in fibroproliferative diseases®. These three probes allowed for the direct
comparison between different aldehyde-targeting warheads: a-carboxylate alkyl hydrazine, a-carboxylate
oxyamine, and alkyl-hydrazine (Fig.2.6). In a mouse model of pulmonary fibrosis, the three
hydrazine/oxyamine probes had lung signal enhancement peak immediately post-injection as a result of
aldehyde binding and non-specific distribution. The diseased lung signal enhancement from MnL1 and
MnL3 steadily decreased over the scan time (110min), compared to MnL2, the more hydrolytically-stable
oxyamine-bearing probe, which plateaued at 60 minutes post-injection as a result of specific binding and a
very slow off rate. Despite MnL1 and MnL3 having similar affinity to aldehydes (Kd), MnL3 had higher
signal enhancement of the fibrotic tissue at early timepoints compared to MnL1, which the authors
attributed to the slower off-rate of MnL3. MnL3 was also 40% more sensitive in detecting fibrogenesis
compared to MnL1. MnL3 was subsequently shown to map whole lung fibrosis disease activity, accurately
correlating signal enhancement with disease severity. Given the hydrolytic stability of the oxime bond

MnL2 forms with allysine, the authors proposed MnL2 may be used as a kidney fibrosis imaging agent as
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the probe may remain bound longer than the time needed for non-specific renal signal to diminish. This
hypothesis was tested in a mouse model of unilateral renal ischemia-reperfusion injury, and a comparison
between MnL2 and GdOA (Fig. 2.3). The change in relaxation rate, AR1, was used as a measure of probe
concentration in the tissue. The AR1 in the injured kidney was 30-40% higher following MnL2 injection
compared to GdOA, due to the 4-fold higher condensation rate of MnL2, improving its performance as a

probe for renal fibrogenesis.

This study highlights the importance of the correct choice of warhead for aldehyde-targeted probes
depending on disease and tissue. In choosing a hydrazine, the fast hydrolysis of the hydrazone results in
fibrolytic tissue enhancement quickly after i.v. administration and fast elimination, useful for lung and
liver fibrosis mapping. In contrast, the hydrolytic stability of the oxyamine causes a delay in signal
enhancement, which can be advantageous in imaging renal fibrosis, where non-specific clearance must

occur before signal enhancement for diseased tissue can be evaluated.

2.7.2.  Small Molecule Metal-Free Compounds for Intracellular Aldehyde Trapping

While the MRI probes above are useful in imaging fibrogenesis that occurs in the extracellular environment,
the diversity of biogenic aldehydes produced in the early stages of many diseases and following injury leads
to the aldehydic load hypothesis, which states the buildup of structurally diverse aldehydes as a whole (i.e.

49,70,71

intracellular and extracellular) is what determines the fate or outcome of the cell or tissue . Based on

this aldehydic load hypothesis, Shuhendler and coworkers have developed a-carboxylate arylhydrazone-

based aldehyde-targeting molecular imaging agents for optical imaging’>”

, positron emission
tomography’*, and MRI">7¢, Similar to many of the probes detailed above, the imaging agents created by
this group also take advantage of the rapid reaction of aldehydes with hydrazines under physiological
conditions. Unlike the aforementioned probes, Shuhendler ef al. have developed metal-free contrast agents

targeted toward all aldehyde species, that can bind aldehydes intracellularly, with the intention of imaging

intracellular aldehyde-rich areas in the body. The group developed a new class of chemical exchange
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saturation transfer (CEST)-MRI contrast agents termed Hydrazo-CEST, which selectively turns on in the
presence of bioactive aldehydes. A CEST agent requires an exchangeable proton that dynamically
exchanges with water. When a specific radiofrequency pulse is applied, the magnetization of the
exchangeable pool of protons is saturated (i.e. nullified), which is detectable through the reduction of the
surrounding water signal’”’®. The a-carboxylate hydrazine-derived hydrazo-CEST probes rapidly activate
in the presence of aldehydes under physiological conditions forming a hydrazone and remain stable for
signal detection at 3T and 7T MRI. The first of these MRI agents is based on the N-amino anthranilic acid
(NA3) scaffold (Fig.2.7A). The proton on the ring-proximal nitrogen of an aryl hydrazone is exchangeable
with water under modulation of the critical a-carboxylate group, making the resulting hydrazone amenable
to detection by CEST-MRI”. The authors noted that the hydrazone, but not the hydrazine, provide CEST
contrast, therefore creating a “turn on” mechanism upon reaction with aldehydes, favouring aliphatic over
aromatic aldehydes. The probe was able to detect a variety of endogenous aldehydes with pathogenic
potential in vitro and does not react with D-glucose under physiological conditions. This represents the first
Hydrazo-CEST probe that elicits a turn-on mechanism with aldehydes that would be capable of mapping

both freely diffusing small molecule aldehydes, and larger oxidized residues of biomacromolecules.

A second hydrazo-CEST agent, 2-hydrazinonicotininc acid (2-HYNIC) was developed in 2021 by Brun ef
al. (Fig. 2.7B)". Compared to the first NA; agent resulting in signal turn on in when complexed to
aliphatic aldehydes, 2-HYNIC resulted in signal generation when bound to aromatic aldehydes. Given the
ability of 2-HYNIC to detect aromatic aldehydes, the authors chose to test metabolites of vitamin Bs, or
pyridoxine (PN), as it is an essential nutrient needed for > 140 metabolic reactions occurring in vivo”. PN
is actively transported into cells then oxidized to pyridoxal (PL), which is then phosphorylated to
pyridoxal 5’-phosphate (PLP) by pyridoxal kinase (PDXK). Pyridoxal phosphatase can then
dephosphorylate PLP back to PL to tightly control the pool of intracellular PLP. The dysregulation of this
kinase-phosphatase-oxidase system has been associated with pathologies including neurodegeneration®’,
neurotrauma severity®!, depression®?, pain®?, and cancer®. In particular, non-small cell lung cancer
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patients with low PDXK expression have a poorer prognosis, with a higher chance of cancer cell
resistance to therapy®*. In particular, non-small cell lung cancer patients with low PDXK expression have
a poorer prognosis, with a higher chance of cancer cell resistance to therapy[54]. PL-derived hydrazones
produce a poor signal due to a non-planar conformation at physiological pH, but PLP-derived hydrazones
provide substantial CEST-MRI signal at physiological pH as they maintain a planar conformation. The
authors then tested whether 2-HYNIC could image intracellular PLP in vitro in two human non-small cell
lung cancer lines. There was a substantial increase in contrast after incubation of 20 mM 2-HYNIC with
both cell lines, with a greater increase in H460 large cell carcinoma than A549 adenocarcinoma. Liquid
chromatography-mass spectrometry revealed that the intracellular PLP-to-PL ratio was greater in H460,
which may explain the greater CEST signal in these cells. Finally, 2-HYNIC was used to image PLP in
mice bearing A549 or H460 heterotopic xenografts. An increase in contrast was observed in the tumours,
steadily increasing up to 60 min post-intravenous injection, with significantly greater contrast in the H460
tumours compared to the A549 tumours. H460 xenografts are more sensitive to chemotherapies,

suggesting 2-HYNIC PLP mapping may be useful in predicting the efficacy of lung cancer chemotherapy.
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Figure 2.7. Chemical structures of (A) the first generation (NA3), (B) second generation (2-HYNIC),
and (C) third generation (ProxyNAj;) CEST-MRI agents targeted to aldehydes developed by

Shuhendler ez al.”76%5

A third Hydrazo-CEST MRI agent, 5-propargyloxy-N-aminoanthranilic acid (ProxyNA3) (Fig. 2.7C) has
been developed by Kirby et al. to rapidly and irreversibly bind aldehydes in the brain to map total aldehydic

load following mild traumatic brain injury (mTBI)*. Concussion, or mTBI, often do not present with
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external signs of trauma, and do not show signs of injury on anatomical scans like CT®¢%’. Diagnosis
therefore relies on subjective patient-physician interviews of symptom evaluation and physical examination
which leads to mTBI being highly underdiagnosed®®®. The neurometabolic cascade of mTBI results in the
loss of ionic and cellular homeostasis, forming oxygen-centered free radicals®. In response to the formation
of free radicals, several processes including lipid peroxidation and polyamine catabolism lead to

downstream production of aldehydes®®!

. ProxyNA; targets these endogenously formed aldehydes
following brain injury, allowing for the visualization of trauma using total cerebral aldehydic load as a
biomarker. The authors tested ProxyNA3 on a mouse model of mTBI, where awake mice were subjected to
a controlled, closed head impact and evaluated for behavioural deficits. The mice underwent ProxyNAj3
CEST-MRI before, and 2- and 7- days post-injury. The aldehyde-targeted probe was able to pass the blood-
brain-barrier and bind to intracerebral aldehydes, effectively mapping the increase in total aldehydes in the
brain two days post-mTBI. The production of aldehydes by neurons was confirmed in a cell model of
concussion by microscopy using a fluorogenic aldehyde probe’, and an inflammatory response was
confirmed by immunofluorescence staining of glial fibrillary acidic protein (GFAP) at 7 days post-injury.

ProxyNA3 therefore represents an MRI agent that maps total aldehydic load in the brain as a biomarker for

mTBIL

2.8. Summary and Outlook

Non-invasive imaging of aldehydes in vivo may allow for early detection of many diseases leading to better
staging, management, and therefore prognosis. In this review, two classes of aldehyde-targeted MRI probes
were discussed. First, a class of gadolinium- and manganese-based probes with aldehyde-targeting moieties
of hydrazines, hydrazides, or oxyamines are presented. These probes are designed to remain in the
extracellular space as to target the aldehyde-bearing, protein-bound allysine residues, which are the result
of LOX-catalyzed lysine oxidation in tissues with active fibrosis. Dual-functionalized probes were
developed to increase reactivity, affinity, and relaxivity upon binding the target allysine for imaging of
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active fibrosis. These probes were used to map the presence of allysine in mouse models of fibrosis of the
lungs, liver, and kidney, allowing for disease staging, and quantifying progression, and regression of

fibrosis.

Second, a group of hydrazoCEST agents are presented as a novel class of small molecule metal-free CEST
MRI probes for imaging total aldehydic load. These probes are designed to cross the cell membrane, giving
them the unique ability to map total intracellular aldehydes, which are increased in many cases of disease
and injury. These probes are based on an N-aminoanthranilic acid scaffold, with the aldehyde-binding
moiety of hydrazine combined with an a-carboxylic acid necessary for CEST signal production. The
hydrazine binds aldehydes, forming a stable hydrazone, and creating a turn-on CEST signal. The probes
are designed with different use-cases in mind, to favour either aromatic or aliphatic aldehydes. The
aromatic-favouring 2-HYNIC was used to map PLP activity in two xenograft mouse models of lung cancer,
while the aliphatic-favouring ProxyNA3 was used to map aldehydic load in the brain following injury in a

mouse model of mTBI.

The aldehyde-targeted probes discussed here present a large clinically-translatable toolkit for the non-
invasive detection of a wide array of diseases. Unlike traditional receptor-targeted molecular imaging
probes that rely on specific binding to a desired substrate, these probes bind to a wide array of diverse
aldehydes, allowing for the in vivo mapping of total aldehydic load. Work in this field is ongoing to
characterize the application of these probes in other clinically-relevant pathologies. In selecting an approach
for aldehyde mapping, it is important to consider both the localization of the target aldehydes of interest
(i.e. intracellular vs. extracellular), as well as the expected concentration of aldehydic load under the disease
conditions of interest. Aldehyde levels can reach several hundred uM in disease®, which should be
contrasted with the inherent sensitivity of Gd- or Mn-based contrast agents (tens of pM)** and CEST
contrast agents (high uM to low mM)®*. It should also be noted that both the tr-driven contrast enhancement

of MnLx-based probes and the resolution of HydrazoCEST contrast production are both field-strength
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dependent. These imaging approaches are likely more impactful at lower field (~1.5 T) used clinically, but
less suited to the increasingly higher fields used for preclinical work (>7.0 T). As aldehydes may play a key
role in the progression of disease, future work may explore the potential for these aldehyde-binding agents
to be used as a therapeutic tool sequester aldehydes minimizing their downstream effects. Other imaging
modalities like positron emission tomography for mapping aldehydes are being explored to broaden the
applications of this class of diagnostic imaging agents’**. Future work is needed to fully characterize all
biochemical processes with endogenous aldehyde biproducts in order to identify more diseases with

aldehyde-rich signals for which these probes can be used as early detectors of disease.
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3.1. Introduction to the Research Article Presented Within this Chapter

An early goal of the Molecular Medicine Lab was to develop tools to image aldehydes in live cells
and animals as a biomarker for oxidative stress and its associated pathologies. As aldehydes are transient,
highly electrophilic products of cell stress, a trapping moiety must bind rapidly, covalently, and irreversibly
to aldehydes, proceed through a bimolecular mechanism, and be stable and non-toxic in physiological
conditions. These challenging requirements are likely the cause of the lack of imaging probes for aldehydes
in the literature. An earlier publication from the group showed a similar probe, 5-MeO-N-aminoanthranilic
acid, reacts with endogenous aldehydes and produces a CEST-MRI signal. 5-MeO-N-aminoanthranilate
was then prepared, and its fluorescent properties were studied upon reaction with different biogenic
aldehydes. The work presented in this chapter represents the evaluation of 5-MeO-N-aminoanthranilate as

a fluorogenic probe for the mapping of aldehydic load in live cells.

3.2.  Author Contributions
MS, AK and AS designed experiments and wrote the manuscript. MS, CL, TD and GL performed chemistry
experiments. AK developed methodology, cell models, and performed all experiments on cells, including

microscopy, and analysis of micrographs.

3.3. Copyright
Reproduced from Ref. Org. Biomol. Chem., 2019,17, 1843-1853 with permission from the Royal Society

of Chemistry. https://doi.org/10.1039/C80B02255K

3.4.  Abstract

Methyl 5-MeO-N-aminoanthranilate, a fluorogenic probe comprising a single substituted benzene
ring has been applied towards the fluorescence detection of endogenous carbonyls through rapid, catalyst-
free complexation of these bio-derived markers of cell stress under physiological conditions. The products
formed during the reaction between the probe and aldehydic products of lipid peroxidation, including
malondialdehyde and long-chain aliphatic aldehydes relevant to the oxidative decomposition of cell
membranes, have been evaluated. Live cell imaging of diethyl maleate-induced oxidative stress with or
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without pretreatment with o-tocopherol was carried out, with the result suggesting that the presented
molecule might serve as a minimalist molecular probe capable of cellular “Aldehydic Load” detection by
fluorescence microscopy. This work also outlines functional constraints of the fluorogenic probe (i.e.
intramolecular cyclization), providing a realistic evaluation of methyl 5-MeO-N-aminoanthranilate for

fluorescence-based aldehyde detection.

3.5. Introduction

Anthranilic acid (1a, Figure 3.1) and methyl anthranilate (1b, Figure 3.1) are among the simplest
naturally occurring fluorophores, exhibiting long excited state life times (8.7 ns) along with high
quantum yields in aqueous solution (® ~ 0.60).! Although these properties appear to make the
anthranilic acid-based fluorophores attractive probes for molecular biology, their use in the context
of the development of imaging probes is still in its infancy.?? This can be in part attributed to the
fact that anthranilic acid-based fluorophores require high energy excitation (320 - 350 nm) and emit
in the violet to blue region (Aem 410 — 470 nm).! Moreover, the synthetic methodologies describing
their incorporation into larger molecular entities are rather limited.*>

Kool and co-workers have recently shown that substituted anthranilic acids can auto-catalyze the
reaction between hydrazines and carbonyl compounds (aldehydes and ketones denoted herein as

carbonyls) to form hydrazones.®’

When anthranilic acid is converted into the corresponding
hydrazine (N-aminoanthranilic acid, 1¢, Figure 3.1), the rate of the reaction with carbonyls increases
dramatically even surpassing that associated with strain-promoted “click” reactions, which makes

N-aminoanthranilates attractive reactive head-groups for the rapid, catalyst-free trapping of

biogenic carbonyls under physiological conditions.®’
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Figure 3.1 Structures of anthranilic acids and anthranilates 1a-1c¢, 2a, 2b, hydrazones 3a-3i, pyrazoles

4a and 4b.

It is now well established that the exposure of humans to carbonyls has a negative impact on health
and well-being.'® Although some carbonyls are present in the environment as a consequence of
industrial operations (e. g. acetone, formaldehyde), many simple carbonyls (e. g. acetaldehyde,
glyceraldehyde, pyruvate) are also produced endogenously via tightly regulated metabolic
pathways.!® Increased production of carbonyls upon the disruption of homeostasis often times
underlies early stages of various pathologies, including diabetes (e. g. acetone),!! cancer (e. g.
simple aliphatic aldehydes)!? cardiovascular diseases [e. g. acrolein, malondialdehyde (MDA)]!? or
traumatic brain injury (e. g. 3-aminopropanal).!* The ability to properly design, synthesize and

evaluate molecular probes capable of in vitro or in vivo mapping of total endogenous carbonyls
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1319 35 the

(denoted herein as Aldehydic Load) is of significant interest to the scientific community,
outcomes of these research efforts are expected to facilitate our fundamental understanding of, and

ability to diagnose, a wide range of illnesses affecting a significant part of the global population.

COOCH3 CH3(CH2}HCH0
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Scheme 3.1 Preparation of hydrazones 3f-3i and pyrazoles 4a and 4b

The development of molecular imaging probes capable of reporting on Aldehydic Load at both the
in vitro and in vivo scales is one of the key research avenues currently pursued in our laboratory.
We have recently shown that 5-MeO-N-aminoanthranilic acid (2a, Figure 3.1) a simple anthranilic
acid-based hydrazine can act as a Chemical Exchange Saturation Transfer Magnetic Resonance
Imaging (CEST MRI) contrast agent upon reaction with endogenous aldehydes (e.g. acetaldehyde,
3-aminopropanal).” During the course of our studies, we have also prepared methyl 5-MeO-N-
aminoanthranilate (2b, Figure 3.1) and allowed it to react with several endogenous carbonyls. The
majority of the products we obtained upon reaction with aldehydes (hydrazones 3a-3e, Figure 3.1)
were found to fluoresce in the blue to blue-green region of the spectrum; therefore we decided to
study their fluorescence in greater detail. As described recently, we have acquired excitation-
emission matrices (EEM) associated with compounds 3a-3e (Figure 3.1), and have concurrently

developed a novel pattern matching algorithm for the fluorescent fingerprinting of biogenic
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carbonyls.?® This approach allowed us to determine both the total amount of aldehyde (i.e.
Aldehydic Load), as well as the identity of individual components of carbonyl mixtures. As an
expansion to our previous studies, we are describing herein the fluorescence properties associated
with hydrazones derived from longer chain aliphatic aldehydes as putative end-products of lipid
peroxidation (compounds 3f-3i, Figure 3.1), and validating the use of 2b as a fluorogenic probe
capable of mapping Aldehydic Load via live cell microscopy in a model of oxidative stress. We
have also carried out detailed mechanistic studies to elucidate the mechanism of the reaction
between methyl 5-MeO-N-aminoanthranilate (2b, Figure 3.1) and the dialdehyde MDA to form a
pyrazole ring through an in situ detected hydrazone intermediate. The further understanding of the
reaction mechanisms of methyl 5-MeO-N-aminoanthranilate with biogenic carbonyls reported in
this work supports the utility of this minimalist fluorogenic probe, and advocates for its value as a

novel tool for studying the chemical biology of lipid peroxidation in live cells.

3.6. Results and Discussion

3.6.1. Preparation of hydrazone/pyrazole standards and evaluation of their fluorescent properties

Chemical synthesis of the probes was carried out as outlined in Scheme 3.1. Reaction of methyl 5-
MeO-N-aminoanthranilate (2b) with simple longer chain aliphatic aldehydes (pentanal, hexanal,
octanal, nonanal) afforded hydrazones 3f-3i in good yields (61-83%). The final compounds were
purified by flash column chromatography (FCC) and were obtained as inseparable mixtures of £
and Z isomers in approximately a 2:3 ratio (major isomer not identified). Observed results are in
contrast with the synthesis of previously described hydrazones (3a-3e, Figure 3.1),2° which were
obtained either as a single isomer, or where the amount of the minor isomer was negligible (< 5%).
Fluorescence spectra of hydrazones 3f-3i were acquired in phosphate buffered saline (1 x PBS, pH
7.2) containing up to 10% DMSO (Figure 3.2), and relative quantum yields (®) were determined

using harmane as a standard (Table 3.1).?!
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Figure 3.2 Emission scans for hydrazones derived from 2b and aliphatic aldehydes 3f (green), 3g

(cyan), 3h (blue), and 3i (purple) acquired with lex =370 nm

Table 2.1 Fluorescence properties associated with hydrazones 3f-3i

Compound | f(harmane) | lx (nm) | e (m’mol™) | lem (nm) | Stoke’s
i

3f 0.17 372 5631 480 108

3g 0.08 376 7107 475 99

3h 0.08 377 8410 467 90

3i 0.06 378 8025 466 88

While the excitation wavelengths appear to be independent of the hydrazone structure and only vary
by 6 nm, the emission wavelengths as well as Stoke’s shifts decrease slightly with increasing length

of the carbon chain. Fluorescence quantum yields were found to be relatively low, possibly a
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consequence of the presence of two inseparable isomers, and decreased with an increased length of
aldehyde carbon chain. When 5-MeO-N-aminoanthranilic acid (2a) or methyl 5-MeO-N-
aminoanthranilate (2b) were treated with MDA tetramethyl acetal, pyrazoles 4a and 4b were

obtained in moderate yield (Scheme 3.1) upon purification by FCC as described recently.?!

3.6.2. Pyrazole formation from MDA and methyl-5-MeQO-/N-aminoanthranilate (2b) proceeds
through a long-lived fluorescent hydrazone intermediate

Malondialdehyde (MDA, 5, Scheme 3.2), a terminal product of polyunsaturated fatty acid
peroxidation mediated by reactive oxygen species (ROS) is regarded as a classical marker of
oxidative stress.”> MDA occurs as an equilibrium of two tautomers (Scheme 3.2), is a known

2324 and has been associated with early stages of various pathologies (e. g. cancer,®

mutagen,
atherosclerosis,?® stroke,?” Alzheimer’s disease®®). MDA has classically been assayed in cells or

tissue extracts through treatment with thiobarbituric acid (6, Scheme 3.2) with the formation of a

red coloured dye 7 under harsh conditions.?”
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Scheme 3.2 Structure of MDA, colourimetric (6 — 7) and fluorogenic probes (8a — 8b; 9a — 9b) used

for its detection previously. The fluorogenic probe (2b — 4b) investigated in this work is structurally

simpler than previous probe examples.
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The development of a molecular imaging probe capable of in situ complexation of MDA in live
cells in order to more accurately map concentrations has been challenging due to the high reactivity
of MDA in living systems, which is partly attributable to its presence in two tautomeric forms.>°
Recent efforts toward this end include two green fluorescent probes (8a,’' 9a,’> Scheme 3.2),
bearing a hydrazide/hydrazine subunit reported to quench fluorescence via photoinduced electron
transfer (PET). Upon reaction with MDA, a five-membered pyrazolidine/pyrazole ring is formed
(compounds 8b, 9b, Scheme 3.2), limiting PET to result in a strong fluorescence turn-on.*'*> Both
8a and 9a show excellent selectivity toward MDA, as no fluorescence response is observed upon

exposure to other carbonyls.?!

Interestingly, this observation is in contrast with our results using
methyl 5-MeO-N-aminoanthranilate (2b), wherein the reaction with a range of simple endogenous
carbonyls leads to the formation of fluorescent hydrazones (e. g. compounds 3a-3i).2° Although the
detailed mechanism of the fluorescence signal turn on associated with the 8a — 8b transformation
has been proposed based on NOESY measurements,*' no evidence for the suggested mechanism
associated with the signal turn on upon 9a — 9b conversion has been provided.* Due to differential
aldehyde selectivity of 2b relative to 8a and 9a, a detailed mechanistic evaluation of the reaction of

MDA with 5-MeO-N-aminoanthranilic acid (2a) and methyl 5-MeO-N-aminoanthranilate (2b) was

undertaken.

Compound 2b (Figure 3.1, Scheme 3.2) contains a hydrazine subunit and is known to form a
pyrazole ring (compound 4b, Scheme 3.2) upon exposure to MDA.?° The structure of pyrazole 4b
is simple, with well-resolved resonances in its 'H NMR spectrum,?’ which permitted a detailed 'H
NMR-based kinetic analysis to be carried out in order to fully understand the transformation of 5-
MeO-N-aminoanthranilic acid (2a) and methyl 5-MeO-/N-aminoanthranilate (2b) to pyrazoles 4a

and 4b upon reaction with MDA.
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Since the main chemical shift differences due to pyrazole formation were expected in the aromatic region
(6 — 8 ppm), only changes occurring within this range are depicted in Figure 3.3 and discussed below. Note
that full views of the spectra can be found in Supporting Figures S1 and S2. Briefly, within this region both
hydrazines 2a and 2b exhibit three distinct signals (2a, d, 7.26 ppm, J = 3 Hz, H%; d, 7.08 ppm, J = 9 Hz,
H; dd, 7.01 ppm, ] =9, 3 Hz, H4; 2b, d, 7.52 ppm, J = 3 Hz, H6; dd, 7.20 ppm, J =9, 3 Hz, H4; d, 7.05

ppm, J = 9 Hz, H3) fully consistent with the substitution pattern present in 2a and 2b.

Baseline |H-NMR were acquired of separate solutions of 1 mg of 2a or 2b in 1 x PBS, pH 7.2 containing
10% DMSO-D6, followed by the addition of 1 drop of a 1 M solution of MDA tetramethyl acetal in 1 M
HCI, known to form MDA in situ.*® Further acquisitions of '"H NMR spectra occurred immediately (1 min),
2 min, 4 min, 20 min and, for compound 2b only, 2 h after MDA addition (Figure 3.3). To allow for this
rapid spectral acquisition following addition of MDA, neither locking of the signal nor shimming was
carried out. The reaction of hydrazines 2a and 2b with MDA led to the rapid formation (within 1 min) of
new peaks associated with a putative pyrazole ring, as well as a slight change in benzene ring chemical
shifts associated with starting materials 2a and 2b. Three new signals at ca. 7.8 (HC), 7.7 (HA) and 6.5
ppm (HB) are observed in both instances and their intensity increases with time (Figure 3.3). The presence
of the new signals is fully consistent with the formation of the pyrazole scaffold in both, 4a and 4b (see the
Experimental and ESI for the details), with only slight changes in chemical shifts (< 0.1 ppm) between the
products of the reactions observed at the terminal time points (4a, 20 min; 4b, 2 h) and corresponding

pyrazole standards 4a and 4b having their spectra acquired under identical conditions.
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Figure 3. 3 Detailed '"H NMR analysis of the reactions between 5-MeO-N-aminoanthranilic acid (2a)

and MDA (left), or methyl 5-MeO-N-aminoanthranilate (2b) and MDA (right). Spectra shown are

before MDA addition (black), and <1 min (red), 2 min (green), 4 min (purple), 20 min (blue), and 2 h

(orange) after MDA addition. Brown and grey spectra are those of authentic standards 4a (left) or 4b

(right).
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Figure 3.4 Methyl 5-MeO-N-aminoanthranilate (2b) as a fluorogenic probe for the detection of MDA.
(a) MDA was added to a 25 mM PBS solution of 2b (pH 7.2) under illumination at 365 nm, and
photographed at indicated time points. (b) Emission spectra of 1 mM 2b (black), or 2b after 1 min
incubation with 5 eq. MDA at 37 °C and excited at 310 nm (blue) or 375 nm (cyan). (¢) Formation and
rapid decay of short lived intermediate 10 formed in the reaction between methyl 5-MeO-N-
aminoanthranilate (2b) and MDA followed by fluorescence spectroscopy with lex/lem = 375/480 nm.
Kinetics of 25 mM 2b alone (squares) and 2b + MDA (circles) are shown, with three individual trials of 2b

+ MDA shown (light, medium, and dark cyan).

H4CO COOCH, 0O O -H,0 HsCO COOCH, H,0  HsCO COOCH;,
U + M /7 \ - \©:
NHNH, H H N N N~ N\
2 g ¢« 1

Scheme 3.3 Reaction between hydrazine 2b and MDA proceeds via short lived intermediate 10
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This deviation in chemical shift is likely caused by the fact that the spectrometer was not shimmed
prior to the acquisition of spectra during the time-course study. Consistent with our previous
observations,’ the reaction of hydrazine 2a with MDA occurred very rapidly and only traces of the
hydrazone intermediate can be observed as a small shoulder associated with the signal at ca. 7.7
ppm (H”) in the NMR spectra acquired at earlier time points up until 4 min (Figure 3.3, left).
However, the signal observed at 7.7 ppm (H”) was of particular interest in the NMR spectra
associated with hydrazine 2b wherein the signal is broad and unresolved even after 20 min of
reaction, and a distinct doublet is observed after 2 h (Figure 3.3, right). This observation prompted
us to propose that a short-lived hydrazone intermediate is present in solution and observable by

NMR spectroscopy.

In order to further investigate the formation and fate of the proposed hydrazone intermediate
observed by 'H NMR spectroscopy, we performed an identical experiment to that performed for
the NMR study however using fluorescence spectroscopy as read out. Fluorescence spectra
associated with pyrazoles 4a and 4b were measured in 1 x PBS, pH 7.2, containing 10% DMSO
(Figures ESI47 and 48). Pyrazole 4a is a weak (® < 0.02, harmane) blue fluorophore (Aex 258 nm,
Aem 391 nm, Stoke’s shift 133 nm), which precluded a detailed investigation of the reaction of 2a
with MDA by fluorescence spectroscopy. However, the replacement of the carboxylic acid moiety
in pyrazole 4b with the ester leads to a significant increase (>20 fold) in quantum yield (® 0.45,
harmane)?® as well as a red shift of both excitation and emission wavelengths (4b, Aex 307 nm, Aem
410 nm, Stoke’s shift 103 nm), allowing for a detailed fluorescence-guided investigation of the
reaction between methyl 5-MeO-N-aminoanthranilate (2b) and MDA.

Upon mixing hydrazine 2b with MDA under illumination by UV lamp (Aex 365 nm), the evolution
of blue-green fluorescence was observed within 1 minute (Figure 3.4a), which was red-shifted
relative to the expected fluorescence of the synthesized pyrazole standard, compound 4b (Aem 410
nm). Detailed measurement of the fluorescence associated with the obtained mixture revealed two
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fluorescent species in solution: one with spectral properties expected from compound 4b (Aex 307
nm, Aem 410 nm), and the other with Acx 371 nm as an optimal excitation wavelength and associated
emission at A.m478 nm (Stoke’s shift 107 nm, Figure 3.4b). When the mixture was left at room
temperature (rt) for 30 minutes, the initially observed blue-green fluorescence was no longer visible,
but instead the mixture produced a deep blue fluorescence with photophysical properties matching
those of 4b. Fluorescence kinetic measurements were carried out that recapitulated these qualitative
observations (Figure 3.4c). An initial formation of the blue-green fluorescent species takes place
rapidly, followed by a rapid decrease of the fluorescent signal at Aem 480 nm by 50% within 5

minutes, and then a slower decrease over a longer period of time.

Considering the results of the fluorescence-based kinetic study along with those from the detailed
NMR experiment, a mechanism for the reaction of 2b with MDA is proposed (Scheme 3.3). While
we believe that an identical mechanism operates in the case of the transformation 2a — 4a
supported by the NMR study, we were unable to support this hypothesis by fluorescence
measurements. The reaction of 2b with MDA leads to the formation of the hydrazone intermediate
10, which is transiently stabilized by the presence of a hydrogen bond between the terminal
hydrazone nitrogen and the hydroxyl group of the enol tautomer of intermediate 10. The enol
tautomer would be favoured by the intramolecular hydrogen bond resulting in a pseudo-aromatic
six-membered ring. The nucleophilic attack of the ring-proximal nitrogen group present in the
hydrazone moiety onto the electrophilic carbonyl would then take place, ultimately leading to the
formation of pyrazole 4b (Scheme 3.3). Importantly, the intensity of the observed blue-green
emission peak was dependent on MDA concentration, supporting the hypothesis that the observed

fluorescence was associated with a semi-stable reaction intermediate 10 (Figure 3.5).
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Figure 3.5 The formation of the fluorescent hydrazone intermediate 10 is dependent upon MDA
concentration. (a) A 1 mM solution of 2b in PBS (pH 7.2) was mixed with the indicated molar equivalents
of MDA and an emission scan was recorded immediately after mixing usinglex 375 nm (blue curves). (b)
Emission scans for MDA alone (open circles), 2b alone (red), and the pyrazole standard 4b (black) are also

shown. Note the difference in the y-axis scaling between panels a and b.

3.6.3. Cyclization of methyl 5-MeO-/N-aminoanthranilate (2b) in PBS buffer

During our initial experiments involving solutions of methyl 5-MeO-N-aminoanthranilate
dihydrochloride (2b) in PBS, we noted the evolution of deep-blue fluorescence over 5 min from an
initially non-fluorescent probe stock solution. To understand this phenomenon, we evaluated the
stability of hydrazine 2b in PBS at 37 °C (Figure 3.6). A significant (~ 10 fold) fluorescence signal
increase (Aem 421 nm) was observed within 5 minutes of incubation, which continued to increase
over time. It is known that heating N-aminoanthranilic acids (e. g. 2a) in concentrated HCI results
in the formation of indazoles.®® This reaction involves a strong mineral acid-catalyzed
intramolecular nucleophilic attack of the terminal hydrazine nitrogen onto the carbonyl group with
the formation of a tetrahedral intermediate, followed by its collapse and subsequent aromatization

to afford blue fluorescent indazoles. Our hypothesis (Figure 3.6) was that a similar reaction was
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taking place when hydrazine 2b is dissolved in PBS buffer. Although the solution of 2b is neutral
(pH ~ 7.2), the concentration of 2b is low enough (10 M) to favour intramolecular reactions.
Importantly, the ester moiety makes the carbonyl group in 2b more prone to intramolecular
nucleophilic attack by the terminal hydrazine nitrogen since methanol is a relatively better leaving
group, facilitating the collapse of the tetrahedral intermediate. We have prepared indazole 11 (in
31% yield, Figure 3.6) by heating 5-MeO-N-aminoanthranilic acid (2a) according to a previous
method,** and compared the fluorescence emission spectra (Aem 421 nm) of 11 to those obtained by
simple incubation of 2b in PBS. As shown in Figure 3.6, a good match in emission maxima between
standard 11 and stock solution containing 2b was observed upon excitation at 310 nm. Excitation
at higher wavelengths (Aex 375 nm) required to induce hydrazone fluorescence, resulted in
background levels (Figures ESI49a) fluorescence emission from the indazole. Furthermore, the
pseudo-first order rate constant for the cyclization reaction in PBS (kobs = 0.009 + 0.002 min™') was
10-fold lower than that for hydrazone formation with hexanal as a test aldehyde (kos = 0.100 =
0.002 min') as determined by previously published methods (Figures ESI49b).%° Together, this
suggests that indazole formation, while limiting levels of 2b in PBS, would not result in artifactual
fluorescence emission upon aldehyde sensing with compound 2b. Importantly, the spontaneous
cyclization of 2b can be significantly limited by preparation of stock solutions in DMSO and
guarding them from light, where cyclization to 11 was found to be slow (< 5% conversion after 24

h) as indicated by '"H NMR inspection.
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Figure 3.6 Cyclization of methyl 5-MeO-N-aminoanthranilate (2b) in PBS solution. Probe 2b was
incubated at 37°C in PBS (pH 7.2) for 1 (blue), 5 (red), and 20 min (green), and an emission scan was

recorded with lex 310 nm. The emission spectrum of the standard indazole11 is shown for comparison

3.6.4. Specificity of fluorogenic response of hydrazone 2b to biogenic carbonyls, metabolites, and
ions

In addition to MDA, we assayed the fluorogenic response of hydrazine 2b towards endogenous
carbonyl compounds, including aliphatic aldehydes (formaldehyde, acetaldehyde, pentanal,
hexanal, octanal, nonanal), more complex aldehyde metabolites (glyoxal, methylglyoxal,
crotonaldehyde, glyceraldehyde), cofactors (pyridoxal phosphate), and ketones (acetone, pyruvate,
butanedione, acetylacetone), glutathione, and biogenic cations (Ca?*, Cu**, Fe**, Mg?*, Mn?*, Zn*",
Figure 3.7). Among the carbonyls examined, hydrazine 2b showed limited fluorescence signal

turn-on in the presence of ketones, glutathione and some complex aldehydes (crotonaldehyde,
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glyoxal, pyridoxalphosphate). While some biogenic metal cations (Ca?*, Fe**, Mg?") appeared to
produce negligible fluorescence in the presence of 2b, a moderate fluorescence signal turn-on is
observed from Cu?, Mn?" and Zn*" (Figure 3.7). This weak fluorescence response is possibly
attributable to the suitability of both the hydrazino- and methyloxycarbonyl groups as ligands for
Cu?*, Mn?" and Zn?", possibly promoting the formation of metal complexes in solution. In addition
to glyceraldehyde and methylglyoxal, simple aliphatic aldehydes (formaldehyde, acetaldehyde,
pentanal, hexanal, octanal, and nonanal) showed a substantial fluorescence signal turn-on upon

reaction with hydrazine 2b (Figure 3.7).

From a diagnostic standpoint, increased concentrations of pentanal, hexanal, octanal and nonanal
were found in the exhaled breath of lung cancer patients when compared to healthy smoker and
non-smoker volunteers.!? While the formation of hexanal results from the oxidative cleavage of
linoleic or arachidonic acid®’ and hexanal is considered a general marker of oxidative stress,¢
other aldehydes might also result from lipid peroxidation if specific unsaturated fatty acids are
present in tumour cell membranes. Derivatization of these aliphatic aldehydes as biomarkers of
lung cancer and analysis by fluorescent methods may present an alternative to tandem gas
chromatography mass spectrometry (GC-MS) analysis currently used.!?3” Compared to GC-MS
analysis requiring expensive instrumentation, as well as sample processing leading to potential
inaccuracies, fluorescence assays are significantly easier to perform and may be better suited to
the point-of-care determination of longer chain aliphatic aldehydes. Future studies will seek to
apply fluorescence-based aldehyde fingerprinting that uses 2b as derivatizing agent for the
identification of hydrazones 3f-3i in complex mixtures to rapidly determine their identities with a
low-cost technique.?® Overall our results indicate that hydrazine 2b could serve as a fluorogenic
probe for Aldehydic Load, providing for the detection of a range of aliphatic aldehydes and MDA,

which comprise catabolic products of lipid peroxidation.
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Figure 3.7 Methyl 5-MeO-N-aminoanthranilate (2b) shows broad specificity to aliphatic aldehydes.
The fold fluorescence enhancement relative to 2b alone was recorded with lex/lem 375/480 nm following 1
min of incubation of ImM solutions of 2b in PBS (pH 7.2) with 5 eq. of MDA (black bar), simple aliphatic
aldehydes (red bars), dialdehydes and more complex aldehydes (blue bars), ketones (purple bars),

glutathione (yellow bar) and biogenic metal cations (orange bars).

3.6.4. Imaging Aldehydic Load changes due to lipid peroxidation by live cell microscopy

While there are a variety of biochemical processes that can result in the production of aldehydes in cells
and tissues, the major source of aliphatic aldehydes is the decomposition of the cell membrane due to
lipid peroxidation.?? Since the fluorogenic response of 2b to aldehydes spans a broad range of potential
products of lipid peroxidation to yield fluorescent hydrazones with spectral properties amenable to
conventional fluorescence microscopy (i.e. Aex 370 nm, Aem 480 nm), we sought to apply this probe to live
cell imaging. A well-characterized model of lipid peroxidation was implemented, comprising human
HEK293 cells treated with diethyl maleate (DEM), which perturbs cellular redox status with the endpoint

of cell membrane catabolism through oxidative lipid degradation, and/or witha-tocopherol (a-TOH),
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nature’s most effective antioxidant previously shown to limit DEM-induced lipid peroxidation in HEK293
cells.?® Cells were either left untreated (Figure 3.8b, g, 1), or were treated with 1.5 mM DEM for 1 h
(Figure 3.8c, h, m) or 2 h (Figure 3.8d, i, n) in order to induce lipid peroxidation prior to incubation with
2b for 5 min. Micrographs show limited fluorescence in untreated HEK293 cells, which is expected due
to a homeostatic flux of metabolic aldehydes and carbonyls such as glyceraldehyde and pyruvate.
However, a substantial fluorescence enhancement is observed after 1 h of DEM treatment in some cells,
which continues to increase in both intensity and frequency after 2 h of incubation. In order to reduce
aldehydic load, HEK293 cells were treated with 10 mM a-TOH for 24 h and left untreated (Fig. 3.8 a, f, 1)
or treated with 1.5 mM DEM for 1 h (Fig. 3.8 e, j, 0) prior to incubation with 2b for 5 min. A reduction
of aldehydic load was observed following both treatments, with a-TOH reducing DEM-induced aldehyde
production, as well as homeostatic aldehyde production in the cultured cells. Although the specific
identity of the aldehydes contributing to the fluorescence enhancement observed in HEK293 cells cannot
be determined using 2b, the broad reactivity of the probe for aliphatic aldehydes in general provides a

measure of Aldehydic Load, an important emerging biomarker for studying a range of diseases.'®*
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Figure 3.8 Live cell microscopy of HEK293 cells incubated with diethyl maleate (DEM) to induce
lipid peroxidation, and/or a-tocopherol (¢-TOH) as an anti-oxidant. HEK293 cells were either left
untreated (b, g, 1), treated with 1.5 mM diethyl maleate for 1 h (c, h, m) or 2 h (d, i, n), or treated with a-
tocopherol (10 mM, 24 h) (a, f, k) alone or prior to DEM (1.5 mM, 1 h) (e, j, o) and were then incubated
with 100 mM 2b for 5 min prior to imaging. The fluorescence micrographs overlayed on DIC images for
the full field of view (top), as well as a zoom region (middle) are shown. Zoom region is indicated by black
dashed boxes. Heat map overlay of the fluorescence intensity shows relative distribution of imaging signal
intensity in HEK293 cells (bottom). Scale bars for panels a-c = 100 mm, and panels d-I = 25 mm. All

images were acquired with 405 nm excitation laser, and an emission window of 420 to 520 nm.

89

High

Pixel Intensity

Low

Pixel Intensity

Low



3.7.  Conclusions

The use of methyl 5-MeO-N-aminoanthranilate dihydrochloride (2b) as a fluorogenic probe capable of
detecting endogenous aldehydes was examined in detail. The current work complements a previous
description of 2b in the context of fluorescent fingerprinting of aldehydes®, and seeks to fully describe its
intra- and intermolecular reactivity, as well as the utility of 2b for live cell microscopy of aldehydic load.
The reaction of 2b with MDA (formed in situ from MDA tetramethyl acetal) was found to produce a blue
fluorescent pyrazole 4b (Aem 410 nm, @ 0.45), proceeding through a blue-green fluorescent hydrazone
intermediate 10. The simple structures of both 2b and 4b facilitated a detailed 'H NMR-based
mechanistic evaluation of the reaction, presenting evidence of the hydrazone intermediate that was also
supported by fluorescence spectroscopy studies. The selectivity of 2b toward the detection of cellular
components was also evaluated, revealing that in addition to MDA, a significant fluorogenic response is
observed with simple aliphatic aldehydes. Longer chain aliphatic aldehydes, produced, for example,
during lung cancer progression, led to the formation of fluorescent hydrazones (3f-3i), emitting in the
“far” blue region (Aem 466-480 nm). Quantum yields associated with these fluorophores were found to
be modest (@ 0.06-0.17), attributable to the occurrence of hydrazones as inseparable mixtures of E- and
Z-isomers. One caveat for the use of 2b for Aldehydic Load imaging derives from the instability of
hydrazine 2b in aqueous solution and the minute time-scale lifetime of the hydrazone intermediate 10,
limiting detection reliability to within 5 min of probe application. Even with this caveat in place,
Aldehydic Load enhancement following oxidative stress-induced lipid peroxidation was successfully
imaged through live cell microscopy of HEK293 cells treated with DEM. Overall our results present a
detailed evaluation of the reaction between a fluorogenic hydrazine-derived probe and MDA, and might
provide a useful guideline for the development of rapid and easy to perform fluorescence assays for point-
of-care detection of Aldehydic Load relevant to a variety of diseases. The uniqueness of methyl 5-MeO-
N-aminoanthranilate derives from its minimal nature: facile synthesis for easy accessibility, simple wash-
free implementation for live cell microscopy, and broad aliphatic aldehyde binding for total aldehyde load
mapping. In effect, the minimalism of the probe maximizes its application to evaluate the chemical
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biology of carbonyls. Future studies will involve chemical modifications of 2b to prevent the
spontaneous cyclization in PBS, the formation of fluorescent molecules emitting at longer wavelengths
(Aem > 500 nm), and the application of 2b to interrogate the chemical biology of endogenous aldehydes

in cellular models of disease.

3.8.  Experimental

3.8.1 General experimental procedures

Reagents were commercially available, except for 5-MeO-N-aminoanthranilic acid (2a),” methyl 5-
MeO-N-aminoanthranilate dihydrochloride (2b),*° pyrazoles 4a, 4b?° and indazole 11°** which were
prepared according to the literature procedures. All solvents were HPLC grade except for water
(18.2 MQ cm millipore water). Solvents were removed under reduced pressure in a rotary
evaporator, aqueous solutions were lyophilized and organic extracts were dried over Na>SO4. Flash
column chromatography (FCC) was carried out using silica gel (SiO2), mesh size 230 - 400 A.
Thin-layer chromatography (TLC) was carried out on Al backed silica gel plates with compounds
visualised by anisaldehyde stain, 5% ninhydrin stain, and UV light. NMR spectra were recorded
on a 300 or 400 MHz spectrometers, for "H NMR spectra & values were recorded as follows:
DMSO-Ds (2.50 ppm); for *C (93.75 or 125 MHz) 8 DMSO-Ds (39.50 ppm). Mass spectra (MS)
were obtained using electron impact (EI). Steady state fluorescence spectra were acquired on a
Cary Eclipse fluorescence spectrophotometer, using 1 x PBS, pH 7.2 containing up to 10% DMSO.

Quantum yields were determined as described previously,*® using harmane as a standard.?!

3.8.2. Reaction of 2b with aliphatic aldehydes (pentanal, hexanal, octanal, nonanal)

Aliphatic aldehydes (pentanal, 53 pL; hexanal, 61 pL; octanal, 78 pL; nonanal, 86 pL; 0.5 mmol
each) were added to separated stirred solutions of methyl 5-MeO-N-aminoanthranilate
dihydrochloride (2b, 132 mg, 0.5 mmol) in MeOH (5 mL) and water (1.25 mL). The mixtures were

stirred for 18 h at rt; MeOH was evaporated, the residues were diluted with brine (30 mL) and were
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extracted with EtOAc (2 x 30 mL). Combined organic extracts were dried, were concentrated and
the residues were subjected to FCC on 40 g SiO» as follows: hydrazone 3f, hexanes/EtOAc (4 : 1);

hydrazones 3g—3i, hexanes/EtOAc (9 : 1). Evaporation of the eluates afforded hydrazones3f-3i.

3.8.2.1. Hydrazone 3f.

yellow oil, mixture of E- and Z-isomers, 110 mg, 83%. '"HNMR & (DMSO-Ds) 10.51 (s, D2O exch.,
0.4H); 10.33 (s, D20 exch., 0.6H); 7.53 (d, J= 9.0 Hz, 0.4H); 7.43 (d, J= 9.0 Hz, 0.6H); 7.37 (t, J
= 5.0 Hz, 0.6H); 7.32 (d, J = 3.0 Hz, 0.4H); 7.27 (d, J = 3.0 Hz, 0.6H); 7.18 (dd, J = 9.0, 3.0 Hz,
0.4H); 7.14 (dd, J = 9.0, 3.0 Hz, 0.6H); 6.59 (t, J = 5.0 Hz, 0.4H); 3.86 (s, 1.2H); 3.83 (s, 1.8H);
3.72 (s, 1.2H); 3.71 (s, 1.8H); 2.23 (m, 2H); 1.45 (m, 4H); 0.90 (m, 3H). *C NMR & (DMSO-Dy)
167.9, 167.4, 150.9, 150.4, 144.2, 142.8, 142.4, 142.3,123.2 (2 x C), 114.8, 114.7, 112.6 (2 x C),
108.8, 108.1, 55.4 (2 x C), 52.2, 51.9, 31.5, 28.5, 27.5, 26.1, 22.0, 21.7, 13.8, 13.7. HRMS (EI)
m/z; found 264.1473 [M+] (calcd 264.1474 for C14H20N203), LRMS (EI) m/z (rel. abundance): 264

[M+] (100), 180 (87), 164 (24), 150 (49), 122 (53).

3.8.2.2. Hydrazone 3g.

yellow oil, mixture of E- and Z-isomers, 85 mg, 61%. '"H NMR § (DMSO-Ds) 10.51 (s, DO exch.,
0.4H); 10.33 (s, D20 exch., 0.6H); 7.53 (d, J= 9.0 Hz, 0.4H); 7.47 (d, J=9.0 Hz, 0.6H); 7.37 (t, J
= 5.0 Hz, 0.6H); 7.32 (d, J = 3.0 Hz, 0.4H); 7.27 (d, J = 3.0 Hz, 0.6H); 7.18 (dd, J = 9.0, 3.0 Hz,
0.4H); 7.14 (dd, J = 9.0, 3.0 Hz, 0.6H); 6.58 (t, J = 5.0 Hz, 0.4H); 3.86 (s, 1.2H); 3.83 (s, 1.8H);
3.72 (s, 1.2H); 3.71 (s, 1.8H); 2.22 (m, 2H); 1.53 (m, 2H); 1.33 (m, 4H); 0.89 (m, 3H). '*C NMR &
(DMSO-D¢) 167.9, 167.4, 150.9, 150.4, 144.2, 142.8, 142.4, 142.3, 123.2, 123.1, 114.8, 114.7,
112.7, 112.6, 108.8, 108.2, 55.4 (2 x C), 52.2, 51.9, 31.7, 31.0, 30.8, 26.3, 26.0, 25.0, 21.9, 21.8,
13.9, 13.8. HRMS (EI) m/z; found 278.1638 [M+] (calcd 278.1630 for CisH22N203), LRMS (EI)

m/z (rel. abundance): 278 [M+] (100), 180 (83), 164 (43), 150 (37), 122 (38).
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3.8.2.3. Hydrazone 3h.

yellow oil, mixture of E£- and Z-isomers, 119 mg, 78%. "H NMR & (DMSO-Ds) 10.51 (s, D2O exch.,
0.4H); 10.32 (s, D20 exch., 0.6H); 7.53 (d, J = 9.0 Hz, 0.4H); 7.47 (d, J=9.0 Hz, 0.6H); 7.37 (t, J
=5.0 Hz, 0.6H); 7.32 (d, J = 3.0 Hz, 0.4H); 7.28 (d, J = 3.0 Hz, 0.6H); 7.18 (dd, J = 9.0, 3.0 Hz,
0.4H); 7.14 (dd, J = 9.0, 3.0 Hz, 0.6H); 6.59 (t, J = 5.0 Hz, 0.4H); 3.86 (s, 1.2H); 3.83 (s, 1.8H);
3.72 (s, 1.2H); 3.71 (s, 1.8H); 2.23 (m, 2H); 1.53 (m, 2H); 1.32 (m, 8H); 0.85 (m, 3H). '*C NMR &
(DMSO-D¢) 167.9, 167.4, 150.9, 150.4, 144.2, 142.8, 142.4, 142.3, 123.2, 123.1, 114.8, 114.6,
112.6 (2 x C), 108.8, 108.1, 55.4 (2 x C), 52.1, 51.9, 31.8, 31.2, 31.1, 28.8, 28.6, 28.5, 28.4, 26 .4,
26.3,254,22.1 (2 xC), 13.9 (2 x C). HRMS (EI) m/z; found 306.1953 [M+] (calcd 306.1943 for
C17H26N203), LRMS (EI) m/z (rel. abundance): 306 [M+] (100), 180 (79), 164 (34), 150 (36), 122

(40).

3.8.2.4. Hydrazone 3i.

yellow oil, mixture of E- and Z-isomers, 119 mg, 74%. '"H NMR & (DMSO-Ds) 10.51 (s, D2O exch.,
0.4H); 10.32 (s, D20 exch., 0.6H); 7.52 (d, J = 9.0 Hz, 0.6H); 7.47 (d, J= 9.0 Hz, 0.4H); 7.37 (t, J
= 5.5 Hz, 0.4H); 7.32 (d, J = 3.0 Hz, 0.6H); 7.27 (d, J = 3.0 Hz, 0.6H); 7.18 (dd, J = 9.0, 3.0 Hz,
0.6H); 7.14 (dd, J = 9.0, 3.0 Hz, 0.4H); 6.59 (t, J = 5.5 Hz, 0.6H); 3.86 (s, 1.8H); 3.83 (s, 1.2H);
3.72 (s, 1.8H); 3.70 (s, 1.2H); 2.22 (m, 2H); 1.53 (m, 2H); 1.36 (m, 10H); 0.85 (m, 3H). "*C NMR
o (DMSO-Dg) 167.9, 167.4, 151.0, 150.5, 144.2, 142.8, 142.4 (2 x C), 123.2, 123.1, 114.8, 114.7,
112.7,112.6, 108.8, 108.2, 55.4 (2 x C), 52.1, 51.9, 31.8, 31.3, 31.2, 28.9, 28.8, 28.7, 28.6 (3 x C),
26.4,26.3,25.4,22.1 (2 xC), 13.9 (2 x C). HRMS (EI) m/z; found 320.2081 [M+] (calcd 320.2100
for CisH2sN203), LRMS (EI) m/z (rel. abundance): 320 [M+] (32), 180 (52), 164 (19), 150 (22),

122 (21).
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3.8.3. Reaction of 2a and 2b with MDA — detailed kinetic analysis

3.8.3.1. NMR study.

Separate solutions of 2a or 2b (1 mg each) in 1 x PBS, pH 7.2 containing 10% DMSO-Ds were
prepared and the '"H NMR spectra were acquired. The tubes were then removed from the
spectrometer, 1 drop of 1 M solution of MDA tetramethyl acetal in 1 M HCI (known to form MDA
in situ)** was added and 'H NMR spectra were acquired immediately (1 min) and then after 2, 4, 20
and 120 (2b only) minutes. Separate solutions of pyrazoles 4a, 4b and MDA (controls) were

prepared and analyzed under identical conditions.

3.8.3.2. Fluorescence study.

A 10 mM stock solution of 2b was prepared in DMSO, and 5 uL. was added to 1 x PBS, pH 7.2,ina 1 cm
path length quartz cuvettes, followed by mixing by inversion. To this solution, 50 uL of 1 M solution of
MDA tetramethyl acetal in 1 M HCI was added,** immediately followed by 5 puL of 10 M NaOH to
neutralize the solution (as confirmed by a pH paper). Fluorescence emission was recorded on a
fluorescence spectrophotometer with Aex\Aem 310\410 nm and 375\475 nm and slit widths of 5 nm.
Readings were acquired concurrently every 10 sec for 45 min, the experiment was repeated three separate

times.

3.8.4. Hydrazine 2b as a fluorogenic probe for Aldehydic Load

3.8.4.1. Detection of MDA

The samples were prepared as follows: 100 pL of the solution of 2b (10> M) in DMSO was mixed
with 1 x PBS (pH 7.2) and a stock solution of MDA?* was added to achieve the final volume of 1
mL (final concentration of 2b in the sample is 10°® M). Seven separate samples were prepared, the
concentrations of MDA were 107 M (0.1 eq), 2 x 107 M (0.2 eq), 5 x 107 M (0.5 eq), 10° M (1

eq), 2 x 10°M (2 eq), 5 x 10° M (5 eq), 8.5 x 10° M (8.5 eq). The pH in the samples containing
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larger amounts of MDA stock solution (> 2 eq) was adjusted (to reach ~ pH 7.2) by the addition of
saturated NaHCOj3 solution (10 — 20 pL). Control samples containing just hydrazine 2b, pyrazole
4b and MDA (final concentration of 10 M) were also prepared. Each sample was analyzed right
after preparation (within 1 min) by fluorescence scans (Aex 371 nm or 307 nm). All measurements
were performed at 37 °C. The same temperature was maintained to keep the MDA stock solution
as well as PBS. The stock solution of hydrazine 2b in DMSO was stored at rt in the dark (flask
wrapped in Al foil). Bell-type curves were fitted to raw data points of emission scans using standard

protocols in GraphPad Prism v.7.0c.

3.8.4.2. Response to other carbonyls, metal ions and biologically relevant molecules
The samples containing 2b (final concentration 10 M) were prepared as described above. A
solution of 5 eq of the analyte of interest was added (final concentration 5 x 10°° M), the

fluorescence scans (Aex 371 nm) were performed as described above.

3.8.4.3. Instability of 2b in PBS

A solution of hydrazine 2b in DMSO (100 uL) was mixed with PBS (overall volume 1 mL, final
concentration 10 M, 37 °C). The fluorescence scans (Ahex 327 nm) were performed immediately (1
min), then after 5 and 20 min. A sample containing indazole 11 was prepared and analyzed under

identical conditions.

3.8.4.4. Live-cell microscopy study

HEK293 cells were a gift from the lab of Dr. D. A. Pratt (University of Ottawa). Cells were cultured
in Minimal Essential Medium supplemented with 10% v/v Fetal Calf Serum and 1% v/v Pen Strep
antibiotic solution at 37°C in a 5% CO; atmosphere. Cells were plated at 25000 cells/well in a 24-
well tissue culture-treated polystyrene plate overnight prior to use for microscopy. Growth medium
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was changed prior to treatment with 10mM a-TOH for 24 h, or 1.5 mM DEM for 1 and 2 h. At
indicated time points, media was removed and replaced with 1 x Hank’s Balanced Salt Solution,
pH 7.2, and 10 mL of a solution of 2b in DMSO (final concentration of 2b = 100 mM) was added.
Imaging was performed on a Zeiss LSM 880 confocal microscope fitted with live cell incubator
chamber using 405 nm excitation laser line, and 10x objective lens. Both, differential interference
contrast (DIC) and fluorescence images were acquired. All image analysis was performed using

ImagelJ v1.45S.

3.9. Supplementary Materials
Electronic supplementary information (ESI) available: Full spectral characterization of hydrazones 3f-3i,
fluorescence spectra associated with pyrazoles 4a and 4b, full view of the 1 H NMR spectra associated

with the detailed kinetic analysis. See DOI: 10.1039/c80b02255k
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4.1. Introduction to the Research Article Presented within this Chapter

In continuing with the pursuit of imaging aldehydes, our group sought to create an imaging probe capable
of mapping aldehydic load in a living animal. In this article, we present a new radiotracer, ['SF]N-
aminoanthranilic acid trifluoroborate ['*F]NA3;BF; capable of binding aldehydes in vivo for visualization
by PET. The radiotracer is a derivative of the fluorophore presented in Chapter 3 of this thesis. This study
is the first to present an aldehyde-targeted PET radiotracer that enters the cell and is capable of mapping

systemic inflammation using total aldehydic load as a biomarker.

4.2.  Author Contributions

AK, MS, and AS designed the study and wrote the manuscript. AK and AB prepared the aldehyde-
expressing microparticles. AK performed experiments for characterization of microparticles, and cell
uptake study. MS conducted all other chemistry and radiochemistry. AK and AS performed all animal

experiments and data analysis.

4.3. Copyright
Reproduced from Ref. Chem. Commun., 2019,55, 5371-5374 with permission from the Royal Society of

Chemistry. https://doi.org/10.1039/C9CC01831J.

4.4. Abstract

A new radiotracer, ['®F]NA;BF3, capable of rapid, stable, and catalyst-free complexation of aldehydes in
vivo is reported. ['*FINA3;BF; was shown to bind aldehydes in live subjects using locally administered
aldehyde-presenting microparticles, and was then applied to mapping aldehydic load in a mouse model of
sepsis. ['"®FINA3;BF; may enable the direct investigation of the chemical biology of aldehydes in living
subjects, and may open avenues for the adoption of endogenous aldehydic load as an imaging biomarker of

inflammatory pathology.
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4.5. Main text

Aldehydes are ubiquitous contributors to normal biochemistry that are maintained at innocuous
levels through tight regulatory controls.! Dysregulation of these controls, occurring very early on
in a range of diseases and acutely following injury, leads to elevations in various aldehydes that can
result in the initiation and propagation of pathology.?® The diversity of aldehydes with pathogenic
potential supports the importance of the aldehydic load hypothesis: the concerted build-up of
structurally diverse biogenic aldehydes as a whole can define the fate or outcome of the cell or
tissue.”” Therefore the ability to map total tissue aldehyde content via live animal imaging, and not
a single aldehyde species, may provide a more molecularly holistic imaging biomarker under the

aldehydic load hypothesis.

We have previously shown that biogenic aldehydes can be rapidly complexed to form
hydrazones under physiological conditions by N-amino anthranilic acids without added catalyst.'°
Our results reaffirm previous work demonstrating that hydrazone formation can proceed at rates
rivaling strain-promoted azide-alkyne cycloaddition “click™ reactions as a result of intramolecular
acid catalysis provided by an ortho-carboxylate.!'"!* In addition to rate acceleration, the ortho-
carboxylate was also shown to increase the stability of the hydrazone product (beyond 60 min), as
well as the extent of reaction completion, through putative intramolecular hydrogen bonding. ' Due
to both the rapid rate of reaction and product longevity, a radiofluorinated radiotracer for aldehyde

imaging was developed utilizing the N-amino anthranilic acid scaffold (Figure 4.1).
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Figure 4.1. Radiosynthesis of ['*F|NA;BF; and control probe. (a) Radiosynthetic scheme for the F-

['®F] exchange facilitated by the organotrifluoroborate prosthesis for both the unreactive control

radiotracer (compound 1a) and the reactive ['"*F]NA;BF; (compound 2a). The product of radiosynthesis

of ['"®FINA;BF; was analysed by HPLC with both UV (285 nm) (b) and radiodetectors (¢).

Radiofluorination was achieved via the aqueous organotrifluoroborate technique,'*!¢ which was

predicated upon earlier SiFA-based isotope exchange-mediated radiolabelling methodology.!”

Following the installation of an alkynyl moiety on 5-hydroxy anthranilic acid as described
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previously,'® the zwitterionic alkylammonium-methyltrifluoroborate, prepared in 4 steps from 2-
N, N-dimethylethanol'*! and required for radiofluorination was incorporated through copper-
assisted azide-alkyne cycloaddition to form the anthranilic acid 1. Full synthetic details are provided
in the Supporting Information. The application of a diazotization/reduction cascade of the
anthranilic acid 1 (Figure 4.1) to the N-amino anthranilate, as previously reported,' led to the
formation of the radiolabeling precursor 2. Radiolabeling of compound 1 through isotope exchange

)14,20

in pyridazine buffer (pH 2 yielded a non-reactive control radiotracer 1a, while radiolabelling
of compound 2 yielded the aldehyde-active radiotracer ['*F]NA;BF; (compound 2a) in good
radiochemical yield (decay uncorrected, compound 1a, 65 + 6%, n = 3; compound 2a, 35 + 14%, n
= 11) and purity (Figure 4.1, Supporting Figure S1, Supporting Table S1). While we report
moderate molar activities from our radiosynthetic procedure, attributable to the low molecular mass
of the precursor utilized, radiosynthesis optimization could yield clinically relevant molar activities
and yields, for example through implementation of '8F trapping on micro-QMA cartridges.'®
['"|FINA3BF; was also found to be stable in serum with no loss of probe at 120 min (Supporting
Figure S2). Importantly, a significant enhancement in ['*F]NA;BF; retention was observed in a cell

culture model of electrophilic stress (Supporting Figure S3),?! supporting the capability of

['"8FINA3BF; to detect intracellular aldehydes and thus aldehydic load.
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Figure 4.2. ['*F|NA;BF; is retained in aldehyde-rich environments in vivo. (a) Experimental design
for the in vivo assessment of aldehyde reactivity of ['*F]NA;BFs3, illustrating the subcutaneous injection of
AldMP or AIdMP pre-saturated with 5-MeO-N-aminoanthranilate (i.e. blocked AIdMP) dispersed in
saline (blue), or of saline vehicle alone (orange), in the shoulders of Balb/C mice. (b) Results of PET
following the generation of the mouse models illustrated in panel (a) receiving i.v. ['*F]NA;BF; following
AldMP (/eft) or blocked AIAMP (right) subcutaneous injections, or receiving the unreactive control

(compound 1a) in AldMP-bearing mice (middle). Images are summed from 30 to 45 min post-radiotracer
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injection. Inset shows kidney uptake of ['*F]NA3;BF; in blocked AldMP-bearing mice. Arrowheads
indicate boundaries of AIdMP injection. K: kidney, Li: liver. (¢) Quantitative analysis of the uptake ratio
between the +AldMP and -AldMP shoulders of mice receiving either unreactive control (compound 1a)
or ['*FINA;BF; summed from 30-45 min post-injection. Individual data points are shown, as well as box
and whisker plots (horizontal line = mean, box = standard deviation, and whiskers = min/max range). *

p<0.05 by two-tailed t-test, » = 4 mice per group.

In order to demonstrate the fast kinetics of hydrazone formation between the N-amino anthranilic

acid group and aldehydes in vivo, which were previously only shown in vitro,'*!?

we synthesized
aldehyde-bearing microparticles (AldMP) from glutaraldehyde according to previous reports
(Supporting Figure S4a).?>* The presentation of aldehydes on the AIIMP surface was tested using
an aldehyde-conditional fluorophore,?!** methyl 5-methoxy-N-aminoanthranilate (Supporting
Figure S4b). Fluorescence was observed only in the presence of AIAMP (Supporting Figure S4b,
middle). A blocked AIdMP sample was prepared by pre-saturating AIdMP with a non-fluorogenic
sensor analog (5-methoxy-N-aminoanthranilic acid), which prevented sensor turn on. Altogether,
these data support the hypothesis that AldMP present aldehyde groups on their surface.

In order to directly assess the ability of ['*F]NA;BF; to bind aldehydes in vivo, an AIdAMP or
blocked AIdMP suspension in saline, or saline vehicle alone was injected subcutaneously (s.c.)
above the shoulders of female Balb/C mice, providing known “aldehyde-rich” (+AldMP) and
“aldehyde-poor” (-AldMP) regions (Figure 4.2a). Within 30 minutes of AIdMP injection, mice
received either ['8FINA3;BF5 (compound 2a) (182 + 9 mCi) (Figure 4.2b, left and right) or control
radiotracer 1a (174 = 13 mCi) (Figure 4.2b, middle) by intravenous (i.v.) injection, followed by
dynamic PET imaging for 60 minutes post-injection. In mice administered ['*F]NA;BF3, radiotracer
uptake was observed in the shoulder bearing AIdMP, as well as in the kidneys, liver, and circulation

even at 60 minutes after AIAMP injection (Figure 4.2b, left). The inoculation of mouse shoulders

with AIdMP pre-labeled with ['*)F]NA;BF; also showed signal loss from the site of injection and
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concurrent liver and kidney uptake (Supporting Figure S5), supporting the systemic distribution of
AldMP, which was expected due to both the low-micron particle size, which is amenable to
systemic absorption,”® and the tendency for polyglutaraldehyde linkages to degrade under
physiological conditions.?® The use of pre-labelled AIIMP served only to demonstrate that the
microparticles were absorbed systemically following subcutaneous injection, but not to mimic the

systemic labelling shown in Fig. 4.2b.
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Figure 4.3. Time-activity curves for radiotracer retention irn vivo. Activity was determined for

microparticle-bearing shoulder (injected shoulder, blue) and saline-bearing shoulder (contralateral

shoulder, orange) for mice receiving ['*F]NA;BF; (a and ¢) or control radiotracer (b). Dark line and

shaded region represent mean + s.d. for n = 4 mice per group. (d) The area under the time-activity curve

(AUC) was calculated over the duration of the imaging experiment (45 min) for the injected (blue) and

contralateral (orange) shoulders for the treatments in panels a-c. Individual data points are shown, as well

as box and whisker plots (horizontal line = mean, box = standard deviation, and whiskers = min/max

range). * significant difference relative to all other groups (p<0.05 by two-way ANOVA). § significant

difference between indicated groups (p < 0.05 by two-way ANOVA).

Limited radiotracer uptake was observed following administration of the control compound 1a

(Figure 4.2b, middle), which is unable to form hydrazones. Similarly, uptake of ['* FINA3;BF; was
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limited in mice hosting pre-blocked AIdMP (Figure 4.2b, right). The ratio of radiotracer uptake
between the “aldehyde-rich” and ‘“aldehyde-poor” shoulders of mice (i.e. the uptake ratio) was
quantified (Figure 4.2¢), resulting in a significantly greater uptake ratio following ['*F]NA;BF;
administration than that found in mice receiving the control radiotracer (3.99 + 0.79 vs. 1.57 £0.13,
p < 0.05). The uptake ratio was similarly significantly greater for AldMP-bearing mice relative to
those receiving blocked AIAMP following ['*FINA;BF; administration (3.99 + 0.79 vs. 1.71 = 0.31,
p <0.05).

Radiotracer accumulation was also examined dynamically for the three treatment groups tested,
evaluating regions of interest in the shoulder receiving microparticles and the contralateral shoulder
(Figure 4.3 blue vs. orange). While contralateral shoulder uptake remained relatively consistent
between treatments, a substantial enhancement of uptake and prolongation of retention of
radiotracer was only observed in the shoulder of mice bearing AIdMP and receiving [ "*F]NA;BF;
(Figure 4.4a). Considering the limited radiotracer uptake for the blocked AldMP-bearing mice
(Figure 4.2b right, Figure 4.3¢c), these observations provide initial evidence that ['*)FINA;BF;

accumulation and retention is associated with local tissue aldehyde content.
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Figure 4.4. The uptake of ['*F|NA;BF; increases in liver, kidney, and lymph nodes following acute
sepsis. Orthogonal views of representative mice showing the differential uptake of ['*F]NA;BF; 2 hours
following i.v. treatment with saline (a) or 5 mg/kg LPS (b), or of control probe (1a) following 5 mg/kg
LPS, focusing on anatomical regions of the cervical lymph node (i), liver and kidney (if), and inguinal
lymph node (7ii). Images are summed acquisitions 30 to 45 min post-radiotracer injection. CLN: cervical
lymph node, SG: salivary gland, Li: Liver, GI: Gastrointestinal tract, ILN: inguinal lymph node, K:
kidney, Bl: bladder. (d) Radiotracer uptake was quantified in liver, cervical and inguinal LN, and kidney
of mice receiving ['*FINA;BF; following saline (white circles) or 5 mg/kg LPS (black circles) treatment,
or control probe (1a) following Smg/kg LPS (black triangles). Individual data points are shown, as well as
box and whisker plots (horizontal line = mean, box = standard deviation, and whiskers = min/max range).

* p <0.05 by tissue-wise ANOVA followed by Tukey’s HSD test, n = 4 mice per group.
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["®)FINA;BF; was then applied to image systemic inflammation in a mouse model of sepsis
induced by i.v. injection of bacterial cell wall lipopolysaccharide (LPS), which is known to induce
lipid peroxidation in liver and kidney, and to increase aldehyde load.?’*! Balb/C mice were
administered either saline (Figure 4.4a) or 5 mg/kg LPS i.v. (Figure 4.4b, c¢) 2 hr prior to imaging.
Mice received ["*FINA3BF; (136 + 15mCi) (Figure 4.4a, b) or control probe 1a (150 + 32 mCi)
(Figure 4.4¢) i.v., and PET was performed 30 min afterward. In mice receiving saline, ['*F]NA;BF;
uptake was observed in the gall bladder, proximal gastrointestinal (G.I.) tract, renal pelvis and
bladder, suggesting both renal and G.I. tract elimination (Figure 4.4a, d). Following the induction
of sepsis, a significant increase in ['*)F]NA;BF; uptake was observed in the liver, renal cortex and
medulla, as well as cervical and inguinal lymph nodes (Figure 4.4b, d). The elevated uptake of
['"®)FINA;3BF; in the liver and kidneys was expected.?-3! Importantly, liver and kidney uptake of
control probe following LPS treatment was significantly reduced relative to ['*FINA;BF3, and
lymphoid uptake was significantly lower than both LPS- and saline-treated mice receiving
['"SFINA3;BF; (Figure 4.4c, d). Lymphoid responses to LPS have been reported, including the
induction of lymphocyte apoptosis as early as 1 h post-LPS injection,** and the upregulation of
membrane receptors for LPS (toll-like receptors 2 and 4), pro-inflammatory signals and
transcription factors (e.g. NFkB, and 1kBa), and pro-inflammatory cytokines (e.g. TNF-a) within 3
hours of LPS administration.?* Through ["*F]NA;BF;-mediated mapping of endogenous aldehyde
production, support is provided for the local enhancement of lymph node aldehydes, in addition to
hepatic and renal aldehydes, due to LPS-induced sepsis as a result of the activation of this
inflammatory cascade.

This work has introduced a novel radiotracer, ['*F]NA;BF3, capable of mapping endogenous
aldehydes in living subjects by PET. Radiofluorination of the N-amino anthranilic acid-based
precursor compound was accomplished through an organotrifluoroborate isotope exchange
mechanism with good radiochemical yields. Utilizing aldehyde-presenting microparticles, support
was drawn for the ability of the N-amino anthranilic acid-based probe to bind aldehydes in vivo,
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since administration of only the hydrazine-bearing radiotracer 2a, but not the amine-bearing control
compound 1a, resulted in enhanced uptake, and only when free aldehyde groups were present (i.e.
no retention enhancement was observed using blocked AldMP). Finally, ['"* F]NA;BF; was applied
to a mouse model of sepsis and was capable of mapping early (within 3 h of LPS administration)
aldehyde production in the liver and kidney, as well as lymphoid tissues, anatomical sites previously
shown to induce pro-inflammatory signals and cytokines with LPS treatment.’>% With
['"®)FINA3;BF3, aldehyde biomarkers of lipid peroxidation and oxidative stress comprising
endogenous aldehydic load may now be imaged in vivo while capitalizing on the high sensitivity
(sub-pmol) and quantitative nature of PET.
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Electronic supplementary information (ESI) available: Experimental methods, syntheses, and compound

characterization. See DOI: 10.1039/¢9¢cc01831j.
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Appendix to Chapter 4

Supplementary Material for:
Mapping Aldehydic Load In vivo By Positron Emission Tomography with ["*FINA3BF3
Alexia Kirby*, Mojmir Suchy*, Andrea Brouwer, Adam Shuhendler

*authors contributed equally

General Synthetic Procedures

Reagents were commercially available, or prepared as stated below. All solvents were HPLC grade
except for water (18.2 MQ cm millipore water), CH>Cl, and Et,O (dried over Al,Os in a solvent purification
system). Solvents were removed under reduced pressure in a rotary evaporator, aqueous solutions were
lyophilized and organic extracts were dried over Na,SOs. Flash column chromatography (FCC) was carried
out using silica gel (SiO»), mesh size 230 - 400 A. Thin-layer chromatography (TLC) was carried out on
Al backed silica gel plates with compounds visualized by anisaldehyde stain, 5% ninhydrin stain, and UV
light. HPLC purification (Method A) was performed using a Luna C;s 100 A column (particle size 5 um;
21.2 x 250 mm). Mobile phase for Method A was 0 min, 99% H>O — 1% MeCN to 25 min, 100% MeCN,
linear gradient and 10 mL/min flow rate. HPLC analysis associated with the radiolabeling (Method B) was
performed using a Luna Cis 100 A column (particle size 5 um; 4.6 x 250 mm). Mobile phase for Method
B was 0 min, 99% H>O — 1% MeCN to 21 min, 100% MeCN, linear gradient and 1 mL/min flow rate.
NMR spectra were recorded on a 300 or 400 MHz spectrometers for '"H NMR spectra § values were
recorded as follows: DMSO-Ds (2.50 ppm), D>O (4.79 ppm), CD;OD (3.31 ppm); for *C (93.75 or 125
MHz) 8 DMSO-Ds (39.50 ppm), CD;OD (49.00 ppm). Mass spectra (MS) were obtained using electron
impact (EI) or electrospray ionisation (ESI). Synthetic procedures associated with this work can be found

in Scheme 1 in the main text.
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Preparation of 5-O-propargyl-N-Boc-anthranilic acid (2)

5-O-Propargyl-N-Boc-anthranilic acid (2) was prepared in four steps from 5-hydroxyanthranilic acid
(1) as described in ref.!; spectral characteristics of all of the intermediates and the 5-O-propargyl-N-Boc-

anthranilic acid (2) were in agreement with those described previously.!

i, HzSO4, MeOH, 72%
ii, Boc,O, Amberlyst 15, EtOH, 91%
COOH iii, propargyl bromide, K,CO3, DMF, 97%

HO _ COOH
\C[ iv, NaOH, MeOH/H,0, 90% o \@[
NH, NHBoc

1

A\

N

Scheme S4.1

Preparation of 5-O-propargyl-anthranilic acid (3)

TFA (500 pL) was added to a stirred suspension of 5-O-propargyl-N-Boc-anthranilic acid (2, 29 mg,
0.1 mmol) in CH,Cl,. The mixture was stirred for 1 h at room temperature (rt), volatiles were evaporated
and the residue was co-evaporated with CH2Cl; (3 x 50 mL). 5-O-propargyl-anthranilic acid (3) was
obtained in quantitative yield as a white solid and was used for the subsequent step without further
purification. Spectral characteristics of 5-O-propargyl-anthranilic acid (3) were in agreement with those

described previously.!

= =
O\QCOOH TFA, CH,Cl,, quant. O\C[COOH
’ o
NHBoc NH»
2 3

Scheme S4.2
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Preparation of 2-azido-N,NV-dimethylethaneamine (5)

This material was prepared according to the procedure described in ref.2, which was modified as
follows. A stirred solution of N,N-dimethylaminoethanol (4, 2 mL, 20 mmol) in dry CH>Cl, (8 mL) was
cooled to 0 °C, while being flushed with N,. SOCI, (1.6 mL, 22 mmol) was added dropwise over 5 min
period. The cooling bath was removed and the mixture was stirred for 2 h at rt (N> atmosphere). The
mixture was diluted with EtOH (10 mL), was concentrated to ca. one third of its original volume and was
set aside for 18 h at 3 °C. Colorless needles formed; they were filtered off with suction, were washed with
cold Et,O and were dried to afford N,N-dimethylamino-2-chloroethaneamine dihydrochloride (1.58 g,

55%); its spectral characteristics were in agreement with those described in ref.?

NaN; (902 mg, 13.88 mmol) was added to a stirred solution of N,N-dimethylamino-2-
chloroethaneamine dihydrochloride (1 g, 6.94 mmol)in water (4 mL). The mixture was stirred for 18 h at
80 °C, was cooled to rt and was treated with a solution of NaOH (279 mg, 6.94 mmol) in water (1 mL).
The resulting mixture was stirred for 2 h at rt, was transferred into a separatory funnel and was extracted
with EtOAc (4 x 10 mL). Combined organic extract was dried and concentrated to leave N,N-
dimethylamino-2-azidoethaneamine (5, 315 mg, 40%) as colourless oil; its spectral characteristics were in

agreement with those described in ref.?

i, SOCI,, CH,Cl,, 55%

| i, NaN3, H,0, 40% \
/N\//\OH EEE— P A N
4 5

® O
=N=N

Scheme S4.3
Reaction of V,N-dimethylamino-2-azidoethaneamine (5) with iodomethylboronylpinacolate

Modified literature protocol® was used to perform this reaction. lodomethylboronic acid pinacol ester
(510 pL, 2.76 mmol) was added dropwise (over 1 min period) to a solution of N,N-dimethylamino-2-

azidoethaneamine (5, 315 mg, 2.76 mmol) in dry Et;O (12 mL). The mixture was stirred for 18 h at rt,
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separated white precipitate was filtered off, was washed with ice-cold Et,O and was dried to afford
intermediate 5a. No spectral characterization of intermediate 5a is provided in the original reference.’
Intermediate Sa; white solid, 885 mg, 84%. 'H NMR & (D20) 3.91 (m, 2H); 3.69 (m, 2H); 3.22 (s, 6H);

3.10 (s, 2H); 1.20 (s, 12H).3C NMR & (D20) 75.7, 63.7, 54.2, 45.0, 23.8. "B NMR & (D,0) 26.9 (s).

| iodomethylboronylpinacolate, Et,O, 84% o 4
® O - 5 SN ® ©
/N\/\N:N:N - O/B\/N\/\N:N:N
5 ba
Scheme S4.4

Preparation of trifluoroborate azide6

Modified literature protocol was used to perform this reaction.> A solution (3 M in water) of KHF»
(1.2 mL, 3.6 mmol) was added to a Falcon tube containing a stirred suspension of intermediate Sa(225 mg,
0.59 mmol) in water (800 pL). The mixture was stirred for 2 h at 45 °C, was cooled to room temperature
and the pH was adjusted to ~7 (several drops of conc. NH4OH). The reaction mixture was passed through
a Cig normal phase SiO»Seppak cartridge directly attached to QMA ion-exchange cartridge. The cartridges
wee eluted with water (5 x 1 mL), the aqueous solution was extracted with Et;O (6 x 5 mL) to remove the
pinacol formed during the reaction. The aqueous solution was lyophilized to afford 330 mg of a white solid
residue containing ca. 33% of trifluoroborate azide6 along with other inorganic material (mainly KI). This
material was used for the subsequent step without further purification. No spectral characterization (except
for ESI-MS) of trifluoroborate azide6 is provided in the original reference.’ 'H NMR & (D.0) 3.89 (t, J =
5.5 Hz, 2H); 3.51 (t, J = 6.5 Hz, 2H); 3.11 (s, 6H); 2.56 (m, 2H). '3C NMR & (D-0) 64.0, 53.9, 44.9. ''B

NMR § (D;0) 2.1 (m)."F NMR & (D,0) -136.9 (m).
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Scheme S4.5

Click reaction between 5-O-propargyl-anthranilic acid (3) and trifluoroborate azide6 to yield 7

This reaction was carried out as two batches run in parallel. Separate round bottom flasks containing
5-O-propargyl-anthranilic acid (3, 19 mg, 0.1 mmol) were charged with the lyophilized mixture containing
~ 33% of trifluoroborate azide (6, 58 mg, 0.1 mmol). DMSO (1.5 mL) was added into each flask, followed
by the addition of (BimC4A); (16 mg, 0.02 mmol). 1 M solutions of CuSO4 - 5SH,O (50 pL, 0.05 mmol)
and sodium ascorbate (100 puL, 0.1 mmol) were added and the reaction mixtures were stirred for 18 h at 50
°C. The mixtures were cooled to rt, were diluted with water (10 mL), were transferred into Falcon tubes
and were centrifuged (5 min at 5,000 rpm). The supernatants were combined and were subjected to
preparative HPLC purification (Method A, General experimental procedures). The fractions containing the
peak with g ~ 15 min were combined and were lyophilized to afford 39 mg of the solid residue. The residue
was dissolved in water (15 mL) and was subjected to repeated preparative HPLC purification under
identical conditions. The fractions containing the peak with tx ~ 15 min were combined and were
lyophilized to afford the desired anthranilic acid-derived trifluoroborate. A small amount of the product
was aliquoted into Eppendorf tubes, so that each tube contained 0.09 mg (2.32 x 10" mol) of the anthranilic
acid-derived trifluoroborate; this was used for the radiofluorination as described below. Anthranilic acid-
derived trifluoroborate7; pale yellow fluffy solid, 29 mg, 38%. 'H NMR & (CD;OD) 8.14 (s, 1H); 7.47 (d,
J=3.0 Hz, 1H); 7.06 (dd, J = 9.0, 3.0 Hz, 1H); 6.81 (d, J=9.0 Hz, 1H); 5.13 (s, 2H); 4.98 (t, /= 7.0 Hz,
2H); 3.87 (t,J=7.0 Hz, 2H); 3.09 (s, 3H); 2.54 (m, 2H)."'B NMR § (CD;0D) 2.1 (m). "F NMR & (CD;0D)

-140.8 (m).HRMS (ESI) m/z found 410.1578 [M + Na]* (caled 410.1587 for C;sH2;BF3NsO3;Na).
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Diazotization and reduction of anthranilic acid-derived trifluoroborate 7 to yield 8

A solution of 7 (14 mg, 3.6 x 10~ mol) in 6 M HCI and MeOH (120 pL each) was cooled to 4 °C,
followed by the addition of a solution of NaNO, (54 pL, 1 M in water, 5.4 x 10 mol). The mixture was
stirred for 40 min at 4 °C, followed by the addition of a solution of SnCl, - 2H>O (16 mg, 7.2 x 10° mol) in
6 M HCI (120 pL). The stirring continued for further 30 min at rt. The mixture was diluted with water (10
mL) and was subjected to preparative HPLC purification (Method A, General experimental procedures).
The fractions containing the peak with #z ~ 13 min were combined, one drop of 6 M HCl was added followed
by lyophilization. The material was then aliquoted into Eppendorf tubes, so that each tube contained 0.1
mg (2.1 x 107 mol) of hydrazine-derived trifluoroborate; this was used for the radiofluorination as described
below. Hydrazine-derived trifluoroborate dihydrochloride8; white fluffy solid, 1.3 mg, 8%. 'H NMR §
(CD;0OD) 8.18 (s, 1H); 7.69 (d, J = 3.0 Hz, 1H); 7.33 (dd, J =9.0, 3.0 Hz, 1H); 7.10 (d, J = 9.0 Hz, 1H);
5.22 (s, 2H); 4.99 (t, J = 7.0 Hz, 2H); 3.87 (t, J = 7.0 Hz, 2H); 3.11 (s, 3H); 2.53 (m, 2H). "B NMR &
(CD;OD) 1.5 (m). "F NMR § (CDsOD) -140.6 (m). HRMS (ESI) m/z found 403.1891 [M+ H]" (caled

403.1877 fOI‘ C15H23BF3N603).

i, NaNO,, HCI, MeOH/H,O COOH
ii, SnCl, 2H,0, HCI, N;N NHNH, . 2HCI
8% overall _ o @ '\/)/\ 2
> E B/\N/\/N 0]
3
7\ 8

Scheme S4.7
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The identity of the hydrazine-derived trifluoroborate dihydrochloride was also verified by reaction
with acetaldehyde which occurred instantaneously* as follows: Small amount of the HPLC fraction
containing the hydrazine-derived trifluoroborate dihydrochloride (50 pL) was treated with 3 drops of a
solution of acetaldehyde and formic acid (1 drop each) in MeOH (500 pL); resulting solution was analyzed

by HR-ESI-MS. HRMS (ESI) m/z found 429.2036 [M + H]" (caled 429.2033 for C17HasBFsN¢O3).

COOH Acetaldehyde, Formic Acid COOH
- -N
N=N NHNH, . 2HCI MeOH A NHN
1 © ® Y ‘
. %/\ﬁ/\/N\/)/\O FsB/\N/\/N\)/\O K
3 AN 8 7 N\
Scheme S4.8

Radiolabeling of hydrazine-derived trifluoroborate dihydrochloride and hydrazine-derived

anthranilic acid

The radiolabeling protocols were adopted from the previously described methods.*>¢ Multiple
radiolabelings were performed as described below and shown in the Supporting Scheme S4.9; the results

are summarized in the Supporting Table S4.1.
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65 + 6% RCY for 7a
35+ 14% RCY for 8a
decay uncorrected

Scheme S4.9
Concentration of the ['*F] HF solution

A 0.1 M solution of NaHCO5 (10 pL)’ was added to a cyclotron produced solution of ['*F]HF in
water (~ 250 pL, 30 — 50 mCi) in a Falcon tube (5 mL). The mixture was heated at 105 — 110 °C (sand
bath) under stream of nitrogen. The heating was stopped when the residual volume in the tube was ~ 50

pL. Resulting solution was used for the radiofluorination as described below.
Radiofluorination of hydrazine-derived trifluoroborate dihydrochloride

An aliquot of hydrazine-derived trifluoroborate dihydrochloride (8) (0.1 mg, 2.1 x 10”7 mol) in an
Eppendorf tube was dissolved in 1 M pyridazine buffer (pH 2 — 2.5, 10 puL)*> and DMSO (5 pL).¢ A
concentrated ['®F JHF solution (15 pL) was added and the mixture was heated for 10 min at 95 — 100 °C
(sand bath). The reaction was quenched with 1 M NaHCOj solution (100 pL) and saline (500 uL) and was
loaded on an acidic Sep-Pak light alumina cartridge. The cartridge was eluted with saline, 5 fractions (500

uL each) were obtained. The activity in each fraction was measured, revealing that the substantial amount
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of the radiotracer was consistently found in fractions 1 and2. The identity and purity of the radiotracer was
verified by radio-HPLC (Method B, #: 8.7 min) and by comparison with the corresponding cold standard
(28.6 min), as depicted in Figure 4.1 of the main text. The material in these fractions was used for in vivo
studies, as well as for calculating the decay uncorrected radiochemical yield (RCY) and molar activity

(MA). The results are summarized in the Supporting Table 3.1.
Radiofluorination of anthranilic acid-derived trifluoroborate

An aliquot of anthranilic acid-derived trifluoroborate (7) (0.09 mg, 2.32 x 10”7 mol) in an Eppendorf
tube was dissolved in 1 M pyridazine buffer (pH 2 — 2.5, 10 uL)*° and DMSO (5 pL).® A concentrated ['*F
JHF solution (15 pL) was added and the mixture was heated for 10 min at 95 — 100 °C (sand bath). The
reaction was quenched with 1 M NaHCOs3 solution (100 pL) and saline (500 pL) and was loaded on an
acidic Sep-Pak light alumina cartridge. The cartridge was eluted with saline, 5 fractions (500 pL) were
obtained. The activity in each fraction was measured, revealing that the substantial amount of the
radiotracer was consistently found in fractions 1 and 2. The identity and purity of the radiotracer was
verified by radio-HPLC (Method B, f: 8.0 min) and by comparison with the corresponding cold standard
(& 7.9 min), as depicted in Supporting Figure S1. The material in these fractions was used for in vivo
studies, as well as for calculating the decay uncorrected radiochemical yield (RCY) and specific activity.

The results are summarized in the Supporting Table 1.
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Figure S4.1: HPLC traces of ['®F]-anthranilic acid-derived trifluoroborate (1a) (top) and the corresponding
radiofluorination precursor/cold standard 1 (bottom); due to the interference of pyridazine with the UV
trace, the cold standard sample was prepared by dissolving an aliquot (0.1 mg) in 100 uL 1 M NaHCO3/400

pL saline/500 pL water.
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Supporting Table S4.1: Radiolabeling of hydrazine-derived trifluoroborate dihydrochloride (2) and

anthranilic acid-derived trifluoroborate (1).

Precursor Initial Activity | Activity | Activity Overall Decay Molar
Used Activity | after 10 in in Activity Uncorrected | Activity
(mCi) min Fraction | Fraction (mCi) Radiochemical | (mCi/umol)
(mCi) 1 (mCi) | 2 (mCi) Yield (%)
2 5.20 4.85 1.04 0.99 2.03 42 9.64
2 4.60 4.23 0.84 0.85 1.69 40 8.04
2 3.13 2.96 0.70 0.74 1.44 49 6.85
2 8.14 7.33 0.42 0.55 0.97 13 4.64
2 5.28 4.77 0.31 0.40 0.71 15 3.37
2 12.96 12.33 1.24 1.45 2.69 22 12.81
2 14.72 14.06 1.51 1.45 2.96 21 14.10
2 8.72 8.53 1.86 1.75 3.61 42 17.19
2 8.88 8.72 2.03 2.08 4.11 46 19.57
2 4.76 4.60 1.03 1.04 2.07 45 9.86
2 5.46 5.24 1.39 1.29 2.68 51 12.76
1 2.36 223 0.55 0.73 1.28 58 5.53
1 3.23 3.05 1.03 1.03 2.06 68 8.88
1 4.52 4.04 1.49 1.26 2.75 68 11.85

Synthesis and Characterization of Polyglutaraldehyde Microparticles (AldMP)

AldMP were prepared as previously described.” Briefly, a solution comprising 100 mL of 5% v/v
glutaraldehyde in water (70% aqueous glutaraldehyde solution) with 1% w/v Pluronic F127 was bubbled
with N and stirred for 10 min. 10 N NaOH was added dropwise to this solution until the pH of the solution
was confirmed to be pH 11. The solution was stirred at room temperature overnight, with the pH being
assessed 1, 2, and 4 hr after the initial addition of NaOH to maintain the solution at pH 11. The milky
solution was washed three times with water by centrifugation (3500rpm for 10min). In order to acquire

SEM images, particles were freeze dried and applied to an aluminum sample holder. The sample was then
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coated with 5 nm of gold using an EM ACE200 vacuum coater (Leica Microsystems, Inc., Concord ON,
Canada). Micrographs were then acquired on a JSM-7500F FESEM (Jeol USA, Inc., Peabody MA, USA)
using 2.00 kV acceleration voltage and 20.0 uA under 4.4x10* Pa vacuum. Aldehyde presentation on
theAldMP surface was evaluated using a fluorophore, methyl 5-methoxy-N-aminoanthranilate, as
previously reported.® A DMSO solution of methyl 5-methoxy-N-aminoanthranilate was added to a
suspension of AIdMP diluted to approximately 1% w/v in 1x PBS, or to an equal volume of 1xXPBS to a
final concentration of 100 mM. The solution was mixed briefly by agitation and placed on a transilluminator

with excitation wavelength of 302 nm immediately after mixing.
Serum Stability Study

A solution of 8a in saline (300 uL) was added to a tube containing freshly thawed mouse serum (1 mL), to
reach the activity of 206 pCi. Samples were withdrawn at 0 min (200 pL, 25.7 pCi), 30 min (250 pL, 26.0
pCi), 60 min (300 pL, 26.1 puCi) and 120 min (400 pL, 24.1 pCi), they were diluted with water to reach the

final volume 1 mL, were filtered (Pasteur pipette with a cotton plug) and were analyzed by HPLC.
Cell Uptake Study

HEK293 cells (1'10° cells/mL) were plated in Eagle’s Modified MEM supplemented with non-essential
amino acids and FBS, and kept overnight in a humidified incubator at 37°C and 5% CO- atmosphere. Cells
were treated with DMSO (vehicle) or a DMSO solution of diethyl maleate (DEM) to a final concentration
of 1.5 mM for 1 or 2 hr. To each well was added 5 pCi/mL of ["*F]NA3BF3, and cells were incubated for 30
min. Cells were washed with cold DPBS three times, and lysed and lifted with RIPA buffer. One-half of the
RIPA solution was counted on a Packard Cobra Quantum 5200 gamma counter, while the other half was

subjected to protein quantitation by Bradford Assay following standard procedures.
Animal Models and Imaging

All animal work was approved by the IACUC of the University of Ottawa under AUP sc-3036, and ensures

that experimental protocols and animal welfare meet that standards set out by the Canadian Council on
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Animal Care. Female Balb/C mice (8 weeks old, Charles River Laboratories, Sherbrooke QC, Canada)
were acclimated for Iweek prior to experimentation. For studies involving AIdMP, mice received an
injection of a saline suspension of AIdAMP (50 mL, 10% w/v) or saline alone s.c. above the right and left
shoulders, respectively. Tail veins were cannulated and mice received approximately 180 mCi of either
["*FINA3BF; (2a,n=4) or control probe (compound 1a) (n=4) 30 min after AIIMP injection. For pre-labeled
AldMP study, ["|FINA;BF; (200 mCi/50mL particles) and AldMP solution was incubated at room
temperature for 10 min, and washed twice by pelleting (3500 rpm, Smin) and resuspending in saline. PET
imaging was performed on an InveonD-PET small animal imaging system (Siemens, Munich, Germany)
from 30 to 45 min following radiotracer administration. For studies involving sepsis, mice received i.v.
administration of either 5 mg/kg E. coli bacterial cell wall lipopolysaccharide O55:B5 in saline (n=4), or
saline alone (n=4). Two hours later, tail veins were cannulated and mice received approximately 180 mCi
of ["*F]NA;BF3, followed 30 min later by a 15 min static PET scan. All PET images were acquired using
Inveon Acquisition Workstation software and were reconstructed using a 3D-OSEM algorithm with
attenuation correction. Data were analyzed and images were generated using VivoQuant v 2.5 (inviCRO

LLC, Boston MA, USA).
Statistics

Uptake ratio was compared between the control compound (1a) and ['®*F]NA;BF;(2a) using a two-tailed t-
test, and radiotracer uptake differences after sepsis was evaluated by ANOVA followed by Tukey’s Test for
HSD. All statistical analyses were performed with GraphPad Prism v.7 (GraphPad Software, La Jolla CA,

USA).
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Figure S4.2. Serum stability of ['*F|NA3;BF;. The stability of the radiotracer, ['* F]NA;BF;, was assayed
in mouse serum at 37°C. Samples were extracted and analyzed by HPLC, with the resulting change in

peak area plotted over time.
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Figure S4.3. Uptake of ['*F|NA;BF; in HEK293 cells following electrophilic stress. Cell uptake is shown
following incubation of ['*F]NA;BF; for 30 min with HEK293 cells treated with DMSO (vehicle), or with
1.5 mM DEM for 1 or 2 hr. Individual data points are shown, as well as box and whisker plots (horizontal
line = mean, box = standard deviation, and whiskers = min/max range). * significant difference (p<0.05 by

two-way ANOVA).
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Figure S4.4. Morphological and functional characterization of (poly)glutaraldehyde microparticles
(AldMP). An emulsion polymerization method was utilized for the preparation of AIdIMP. (a) SEM of
AldMP was acquired with 5 nm gold coating, and shows spherical microparticles less than 2 pm in
diameter. (b) The presentation of aldehydes on the surface of AldMP was verified using an aldehyde-
sensitive fluorogenic probe methyl 5-methoxy-/N-aminoanthranilate (i.e. sensor). The samples pictured
contain PBS (/eft), AIdMP (middle), and AIAMP pre-saturated with N-amino anthranilic acid (Blocked
AldMP, right) either without (fop row) or with (bottom row) the addition of aldehyde-reactive fluorogenic

SENsSor.
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Figure S4.5. Kinetics of AIAMP pre-labeled with ['8F|NA3;BFs. AldMP were pre-inucbated with
["*FINA;BF3, washed, and inoculated into the shoulder of Balb/C mice at a dose of 20 mCi per animal.
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the injected shoulder (a, black), the liver (b, blue) and the kidney (c, purple). Data represent the means.d.

for n=4 mice.
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5.1. Introduction to the Research Article Presented Within this Chapter

Following the development and characterization of aldehyde-targeting probes for fluorescence microscopy
and PET, a third modality was added to the aldehyde imaging toolkit in this present chapter: MRI. The
clinical diagnosis of mild traumatic brain injury (mTBI), or concussion, relies on subjective diagnostic
scoring and often leads to missed diagnoses and therefore worse patient outcomes. Following brain injury,
oxidative damage to cells leads to downstream production of toxic, endogenous aldehydes. We created a
new CEST-MRI agent, ProxyNA3, that maps total aldehydic load as a quantitative biomarker for mTBI. We
document the production of aldehydes in a 3D cell model of concussion and can objectively identify mTBI
in a mouse model 2 days post-injury. Our research supports the use of ProxyNAj3 as an objective diagnostic

neuroimaging tool for mTBI that may lead to better personalized medicine.

5.2. Author Contributions

AK., R.D.,, and A.S. developed in vivo mouse model of mTBI. A.K., C.W., A.S. and N.D.C. contributed
to corticomimetic scaffold development. J.W. and J.L. performed primary cortical precursor cell
dissections. M.S. and N.C. performed all chemistry for probe preparation. A.K., R.D., C.D., and E.S.
conducted UTM experiments. A.K. performed histology, microscopy, and molecular biology procedures.
A.K. and A.J.S. conducted MR imaging, performed statistical analysis, data interpretation, and drafting of

manuscript.

5.3. Copyright
Reproduced with permission from Ref. bioRxiv 2024.04.16.589820;

https://doi.org/10.1101/2024.04.16.589820

5.4. Abstract

Concussion, or mild traumatic brain injury (mTBI), yields complex neurological impairment from
biomechanical forces without structural brain damage. An objective diagnostic tool for concussion is
needed, and the search for diagnostic biomarkers is ongoing. A collagen-based 3D corticomimetic scaffold
afforded an in vitro model of concussion, which confirmed increased aldehyde production in live neurons
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following impact. To evaluate total aldehyde levels in vivo following mTBI, a novel CEST-MRI contrast
agent, ProxyNA3, has been implemented in a new model of closed-head, awake, single-impact concussion
yielding transient behavioural deficits was developed in aged and young mice with aldehyde dehydrogenase
2 (ALDH2) deficiency. MRI signal enhancement significantly increased at two days post-injury and
decreased to baseline seven days post-injury in all mice. An increase in astrocyte activation at seven days
post-injury confirms the onset of a neuroinflammatory response following aldehyde production in the brain.
The data suggest that advanced age and ALDH2 deficiency contribute to increased aldehydic load following
mTBI. Overall, ProxyNAs; was capable of mapping concussion-associated aldehydes, supporting its

application as an objective diagnostic tool for concussion.

5.5.  Introduction

More than 50 million people worldwide experience a Traumatic Brain Injury (TBI) each year, with mild
TBI (mTBI) accounting for up to 90% of those cases !. The incidence of sports-related concussions has also
been on the rise, with a more than 100% increase from 2001 to 2012 in North America 2. It is important to
note that mTBI statistics are prone to diagnostic and selection biases, as concussions are underreported,
underdiagnosed, and misdiagnosed . Objective, unambiguous diagnosis is crucial for safe return to

activities to avoid further exacerbation of symptoms and development of neurological deficits later in life

4,5

Currently, the detection of intracranial injuries relies on head Computed Tomography (CT), which may
result in unnecessary ionizing radiation in young individuals with mTBI °. Studies show 85-99% of adults
and 93-100% of children with mTBI have no intracerebral lesions, in which cases cranial CT scans could
be avoided 78. Unlike more severe TBIs, concussions often do not present visible physical trauma or
external signs of injury with a delayed onset of symptoms that vary widely °. Currently, there is no single
objective diagnostic tool for concussions, but instead diagnosis relies on a combination of medical history,

physical examination, symptom evaluation, and, in some cases, neuroimaging to rule out more severe
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traumatic brain injury '°. A direct, imaging-based assessment of brain health after mTBI is an outstanding

clinical need.

The pathophysiology of mTBIs derives from the neurometabolic cascade of concussion, propagating from
irregular ionic flux due to lipid membrane mechanoporation, resulting in an energy crisis, altered
intracellular redox state, and formation of reactive oxygen species ''. The induced oxidative stress promotes
polyamine catabolism and lipid peroxidation, resulting in the production of a diverse array of biogenic
aldehydes detectable in rodents, human plasma, and human cerebral spinal fluid within 72 hours post-brain

18

injury 7. Scavenging aldehydes in the early hours following TBI can have neuroprotective effects %,

suggesting aldehydes are not only markers of injury, but also early propagators of pathogenesis.

19-21

While aldehydes play a significant role in the early stages of TBI neuropathy "°, it is not yet clear whether
advanced age leads to worse clinical outcomes following head injury, as TBI studies often exclude older
adults due to pre-existing neurological conditions 2. Preclinical evidence exists supporting an increase in
oxidative damage, lowered antioxidant capacities, and increased tissue loss in aged rats compared to young
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rats following moderate TBI '. The redox stress hypothesis of aging proposes a shift from predominately

anti-oxidant to more pro-oxidant redox state as age progresses >

, increasing aldehyde production as
secondary messengers of pathology, amplifying injury ?*?°. With the recent shift of increased incidence of
TBI in the older population , there is an urgent need for more investigation into this under-researched
topic ?’. The progressive decline of aldehyde metabolism with advancing age is, in part, due to a reduced
activity of aldehyde dehydrogenases (ALDH), a family of enzymes responsible for the elimination of
endogenous aldehydes ?*. Mitochondrial ALDH2 plays a major role in the detoxification of aldehydes
derived from lipid peroxidation >°, Given the redox hypothesis of aging, and evidence supporting

aldehydes as propagators of injury, we hypothesize that older individuals will have a greater neural aldehyde

load following mTBI, which may lead to more severe outcomes.

While the neurometabolic cascade of concussion has been shown to result in the elevated production of
aldehydes that can serve as a potential mTBI biomarker, detecting and imaging aldehydic load in live
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subjects remains a challenge, hindering their use as diagnostic tools. In this study, the generation of
aldehydes following mechanical injury of neurons has been shown, and the diagnostic potential of aldehydic
load as a biomarker for mTBI has been demonstrated. A novel chemical exchange saturation transfer
(CEST) magnetic resonance imaging (MRI) contrast agent, 5-propargyloxy-N-aminoanthranilic acid
(ProxyNA3), has been developed to map aldehydic load in a mouse model of mTBI, affording the use of

pathology-associated aldehydes as imaging biomarkers for concussion.

5.6. Results

5.6.1. Imaging aldehydes in vitro in a 3D corticomimetic scaffold after concussive impact

A three-dimensional collagen-based scaffold was prepared to mimic the biomechanical (i.e., stress/strain)
properties of mouse cortical brain tissue. The corticomimetic scaffold consisted of two parts (Fig. 5.1A,
top): a stiffer outer ring comprised of glutaraldehyde-crosslinked collagen necessary to mimic mouse
cortical brain mechanics and provide overall structural support to the construct; and a gel-like inner plug
comprised only of collagen, which optimally promoted the growth and survival of stem cell-derived
mammalian cortical neurons (Fig. S1). In order to mimic mouse cortical brain tissue, the Young’s Modulus
of a fresh punch of mouse cortical tissue was determined using a universal testing machine (UTM) (Fig.
5.1B). We determined that a corticomimetic scaffold comprised of an outer ring of 8.1 mg/mL collagen +
0.75 wt% glutaraldehyde, and inner plug of 2 mg/mL collagen best mimics the biomechanical properties of
mouse cortical brain (Fig. 5.1B). In maintaining the formulation of the inner plug at 2 mg/mL collagen
with no cross-linker, the growth of primary neural stem cell-derived mouse cortical neurons (Fig. 5.1C and
D) and induced pluripotent stem cell (iPSC)-derived human cortical neurons (Fig. S2) was promoted. Using
NeuO as a fluorescent neuronal marker 3!, confocal microscopy revealed both mouse (Fig. 5.1C) and human
(Fig. S2) neurons had migrated throughout the scaffold, resulting in neurite outgrowth. The application of
live/dead staining confirmed the cells were alive, with very minimal death seen after seven days post-

seeding (Fig. 5.1D and Fig. S2).
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Fig. 5.1. Aldehydes are produced following concussion-like impact in primary neurons growing in a
corticomimetic scaffold. (A) Formulation of corticomimetic scaffold with crosslinked collagen exterior,
and collagen interior containing primary mouse neurons. The scaffold was impacted with a concussion-like
force followed by confocal microscopy with an aldehyde-binding fluorophore SMeONA3 (B) Young’s
Modulus of the corticomimetic scaffold with two different sized interior plugs compared to a murine cortical
punch. Data are shown in a box plot with individual values, n=5 per group, p<0.05. (C) Confocal
microscope images showing NeuO fluorescent staining (top) of primary mouse cortical neurons seven days
after seeding into corticomimetic scaffold to confirm differentiation of neurons. Differential interference
contrast (DIC; bottom) shows elongation of cells within 3D scaffold. Scale bar = 50uM (D) Evaluation of

cell death at three- and seven-days post-seeding of primary mouse cortical neurons into corticomimetic
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scaffold. Scale bar = 200uM. (E) Representative confocal images of primary neurons pre- (left) and post-
(right) concussion-like impact after incubation with 5SMeONAj for fluorescent staining of aldehydes (top)

and DIC of cells showing morphological changes pre- and post-impact. Scale bar = 20uM.

With the ability to support primary neuron culture in a scaffold recapitulating mouse cortical brain
rheological properties, the corticomimetic scaffold was then applied for biomarker testing post-concussion
(Fig. 5.1A). A custom impactor tip affixed to an electromechanical impactor (Leica Inc.) produced a force
to compress but not tear the scaffold, and to mimic a previously-reported concussion-like strain of 26%
thickness *2. A cell-penetrable, aldehyde-conditional fluorogenic probe (5SMeONA;) ** afforded the mapping
of total aldehydic load in the corticomimetic scaffolds by confocal microscopy before and 10 minutes post-
impact (Fig. 5.1E). Every post-impact scaffold exhibited an increase in aldehyde signal over the baseline,
pre-impact levels present as a result of normal metabolism. Interestingly, the aldehydes presented as round,
punctate foci within the cytosol (Fig. 5.1E). In primary neurons cultured in a corticomimetic scaffold, total
aldehydic load increases after a concussive-like impact, supporting the role for aldehydes as a biomarker

for cell injury following mTBI.

5.6.2. Development of an awake closed head impact mouse model of mTBI
The use of an awake, closed head impact (ACHI) mouse model of concussion is important to provide
behavioural and neuroimaging outcomes most relevant to human injury. Many rodent models of TBI have

been developed 3*%

, however surgical manipulation, head fixation, and the use of neuroprotective
anesthesia make these models less translatable to humans. Linear and rotational acceleration of the head
are a fundamental characteristic of mTBI *¢, which is lost with fixed-head or surgical models. The use of

3738 which alters the biochemical and behavioural outcomes of the

anesthesia provides neuroprotection
impact. Furthermore, an awake model provides the opportunity to perform behavioural testing immediately

after injury, which is a crucial timepoint as many symptoms of concussion in humans are commonly

identified immediately after impact ***!. By adapting two previously described procedures ****, a new ACHI
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mouse model of mTBI is developed, eliminating limitations of surgical, fixed head, and anesthetized

models.

Impact velocity is a crucial variable for a reproducible mTBI. Velocities of 2.35 to 6m/s have been
previously described in the literature (Table S4.1). A suitable ACHI model would elicit some behavioural
phenotype, but cause no blood-brain barrier (BBB) leakage, no skull fracture or intracranial hemorrhaging,
and no severe reaction including seizure, paralysis, or death *. The ACHI model was initially developed
on 8—10-week-old healthy, wild type (WT) Balb/c mice (Fig. S3A). A single impact with velocities of 2.35,
5.0, or 6.0 m/s were evaluated (n=5 mice/group). Mice receiving impacts at 6.0m/s showed paralysis of
limbs, inability to regain righting reflex, and intermittent apnea. Post-mortem dissection revealed skull
fracture and intracerebral hemorrhaging of the right cortex, indicating 6.0 m/s resulted in TBI, not mTBI.
No such damage was observed during post-mortem gross evaluation of the brains of mice receiving 2.35 or

5.0 m/s impacts.

As behavioural deficits are a hallmark of rodent concussion **, grid walk (Fig. S3B,C) and neurological
severity score (NSS; Fig. S3D-H) tests were conducted before impact, immediately after regaining righting
reflex following impact, and at 1-, 4-, and 24-hours post-injury (Fig. 5.2 A-C). NSS consists of a series of
5 objective pass or fail tests used to assess balance, cognition, reflexes, and exploratory behavior. A higher
score indicates a greater deficit, with a score of 5 being the most severe. Sham mice (restrained with no
impact) had a baseline average score of 0.2+0.4, which did not significantly change at any evaluation
timepoint. The NSS of mice receiving an impact of Sm/s significantly increased to 3.8+0.4 (p<0.05)
immediately after impact and returned to baseline for all subsequent time points (average 0.8 to 1.2; p>0.05)
(Fig. 5.2A). There was no change in NSS for mice receiving 2.35 m/s impact. The grid walk test assesses
acute deficits in motor coordination and overall activity level **. The percentage of foot faults compared to
number of total forelimb steps and percent time active was counted from a 3-minute video (Movies S1,S2).
For mice receiving a 5 m/s impact, forelimb foot-faults increased significantly over baseline (18.8+16.4%
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vs. 6.0+0.19%, p<0.05) (Fig. 5.2B), and activity time decreased significantly (40.6+17.6% vs. 85.8425.4%,

p<0.05) immediately after impact (Fig. 5.2C).
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(A) Mice underwent behavioural testing for neurological severity score (NSS) comprised of 5 pass-or-fail

tests including beam walk, hindlimb reflex, startle reflex, escape paradigm, and balance test. A point was

awarded for every test failed, with a score of 5 representing the more severe behavioural deficit.

Individual data points (n=5 per group) and box plots are shown. Sham mice were restrained, but not

impacted. * p<0.05. (B-C) Results from 3-minute grid walk test for pre- and post-impact mice (n=5 per

group). (B) Percentage of foot faults of total forelimb steps before and after ACHI. (C) Time active

including walking, grooming, and exploratory behaviour during the three-minute grid walk challenge is
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shown. Statistical analysis was performed using a One-Tailed Wilcoxon Test, * denotes p< 0.05. (D)
Regions of interest (brain, ventricles, meninges, and blood) were drawn to evaluate contrast enhancement
following intravenous gadolinium-based contrast agent pre- and post- impact. (E-I) Dynamic contrast
enhanced MRI was performed pre-and post-impact at various timepoints. Percent change in voxel
intensity after gadobutrol injection in each of the ROIs from images acquired (E) five days pre-impact and
(F-I) at timepoints of 6 hours-, 30 hours-, and 54 hours post-impact. Data are shown as means +/-
standard deviation. Each data point represents the analysis of ROIs on 6 slices per brain MRI. P>0.05

using GLM repeated measures, n=5 mice.

Following the observation of behavioural sequelae to ACHI at 5.0 m/s, BBB integrity was assessed with
DCE-MRI *4’ Four regions of interest were analyzed for contrast enhancement pre- and post-impact:
ventricles, middle cerebral artery as a proxy for blood, the meninges, and the remaining brain structures
(Fig. 5.2D) “8. Pre-impact, blood contrast increased (246%) (Fig. 5.2E), with no significant change in
contrast enhancement in the brain tissue or ventricles (p>0.05). There was a significant increase in contrast
in the meninges by 6 minutes after gadobutrol injection, however the lack of extravasation, retention in the
subarachnoid space and steady clearance over time signifies an intact BBB *7. Post-ACHI, there were no
significant changes in contrast enhancement in blood (Fig. 5.2F), ventricles (Fig. 5.2G), brain (Fig. 5.2H),
and meninges (Fig. 5.21) relative to pre-impact, suggesting ACHI does not cause disruption of BBB
integrity, supporting the mild severity of our model recapitulating concussion. Overall, we have shown that
a single-impact ACHI mouse model with impact velocity of 5.0m/s, depth of impact of 7mm, and dwell
time of 0.3s results in transient behavioural deficits without overt signs of skull damage, without intracranial

hemorrhage, and without compromising BBB integrity.
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5.6.3. CEST-MRI mapping of total aldehydic load in vivo following mTBI

We have previously reported N-aminoanthranilic acids as aldehyde-conditional CEST-MRI contrast agents,
where MRI contrast is produced only upon reaction of the probe with aldehydes to form a hydrazone (Fig.
5.3A) #. The reactive ortho acid hydrazine moiety has been shown to effectively bind aldehydes in vivo
5051 “and here we introduce ProxyNAj to map aldehydic load after mTBI. Two hypotheses were evaluated
in the current study: (1) brain aldehydic load increases in aged relative to younger mice following
concussion; (2) ALDH?2 is involved in concussion-related pathogenic aldehyde metabolism. In order to
evaluate these hypotheses, WT C57Bl/6, and previously reported C57B1/6 mice harboring heterozygous or
homozygous knockouts of ALDH2 were employed 2. ALDH2 is normally expressed in the liver but not
the brain > (Fig. 5.3B). Within these three groups, mice were evaluated when either young (<20 weeks) or
of advanced age (>65 weeks). Four male mice were induced to ACHI from each cohort (total of n=24 mice)
and underwent behavioural testing at two timepoints (pre- and post-impact), and in vivo MRI at three
timepoints (pre-injury, two days-, and seven days-post injury) (Fig. 5.3C). An additional 6 mice from each

group were used for histological evaluation at each of pre-injury, two days-, and seven days-post injury

(n=36) (Fig. 5.3C).
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unbound, silent state (left), and its CEST-MRI active state, upon reaction with aldehyde (right). (B)
Western blots showing protein levels of ALDH2 in the liver (top) and brain (bottom) tissues from
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transgenic mice with ALDH2 **, ¥ and 7~ genotypes. Vinculin was used as a loading control protein. (C)

Experimental design for all testing done pre- and post-impact for in vivo mouse model of mTBI. CEST-
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MRI with ProxyNA, was performed pre- and at two- and seven days post-impact. Behavioural tests,

denoted by grid-walk symbol, was performed pre- and immediately post-impact. A separate cohort of
mice were used for immunohistological examination at the same timepoints as MRI. (D) Results of
neurological severity score (NSS) comprised of 5 pass-or-fail tests pre-impact (black) and post-impact
(red). A point was awarded for every test failed, with a score of 5 representing the most severe
behavioural deficit. (E-F) Immediately after NSS test, mice were placed on a raised grid with video
recording for 3 minutes. A researcher blindly scored (E) the fraction of time spent active and (F) the total
number of foot faults divided by total number of forelimb steps. Groups of mice were chosen by age
(young <16 weeks; aged >65 weeks) and by genotype. Individual data points (n=4 per group) and box

plots are shown. * p<0.05, 2-way ANOVA followed by Tukey-corrected multiple comparisons test.

All mice had an increased NSS immediately after impact compared to baseline (Fig. 5.3D). The increase
was statistically significant in all cohorts except for the aged WT mice (p=0.063). All mice had a decreased
fraction of time spent active during the grid walk (Fig. 5.3E), with only the young WT cohort failing to
reach statistical significance(p=0.749). Every group had a significant increase in number of foot faults on
the grid walk following injury compared to baseline (Fig. 5.3F). The results of the behavioural testing

confirmed transient sensorimotor deficits indicative of mTBI across all groups of mice tested.
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CEST-MRI was performed before and after injection of ProxyNAj to map total aldehydic load in a single
axial slice of the brain. While brain aldehyde levels were low before impact (naive), normalized %M TR asym
increased significantly over the whole brain slice and vasculature in all mice at two-days post-impact (Figs.
5.4, S4). However, by day seven post-impact, aldehyde signal decreased to baseline levels, suggesting that
aldehydes are transiently present in the brain following mTBI in mice. Young WT mice have less aldehyde
signal compared to all other groups (Fig. 5.5A). Aged WT mice have less aldehydes compared to all other
aged mice, with both cohorts of aged ALDH2 deficient mice having the greatest aldehyde signal two days
post-injury. When grouped by age-only, young mice have significantly less aldehyde-derived imaging
signal compared to aged mice two days post-injury (Fig. 5.5B). ALDH2 deficient mice (both ALDH2 *"
and ") had significantly more aldehyde signal compared to WT mice (Fig. 5.5C). These data suggest that
more toxic endogenous aldehydes are produced following mTBI in aged individuals, and those with

ALDH2 deficiency.
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Fig 5.5. Aldehyde production post-concussion is affected by age and ALDH2 genotype. Box plots of
voxel-wise intensity distribution of aldehyde signal following ProxyNA3; CEST-MRI at day two post-
mTBI. Mice are grouped by age and genotype. Data are presented as modes of normalized %MTRasym.
(A) Comparison of aldehyde signal two days post-impact between all groups of mice, n=4 per group. (B)
Comparison of young (<16 weeks) and aged (>65 weeks) mice, n=12 per group. (C) Comparison of
aldehyde signal between groups of either wild type (ALDH2"*) or transgenic mice with lower ALDH2
expression (ALDH2""), or complete knockouts (ALDH27). *<0.05, (A, C) Brown-Forsythe ANOVA and

Dunnett’s T3 multiple comparison, (B) two-tailed Mann-Witney U-test.

5.6.4. Aldehydes precede astrogliosis in the pathogenesis of mTBI

Astrocyte activation, an active proponent in the propagation and regulation of neuroinflammation 34, was
quantified by immunohistological staining for glial fibrillary acidic protein (GFAP) in brains of mice pre-
and at two timepoints post-injury (Fig. 5.3C). Hippocampal astrogliosis appeared seven days post-injury
for both young mice (Fig. 5.6A) and those of advanced age (Fig. 5.6B) independent of ALDH2 genotype.
A region of hippocampus from each image was quantified by measuring GFAP density, the mean integrated
density of GFAP signal divided by the mean integrated density of DAPI signal, which estimates the

astrocyte activation normalized to number of cells (Fig. 5.6C). There was no significant difference in GFAP
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density by age and by genotype. The only variable influencing the measure being time relative to ACHI,
with GFAP density increasing from 1.94+0.26 to 2.7 = 0.78 (p<0.05) at 7-days post-impact. These results
suggest an activation of a hippocampal inflammatory response seven days after injury, proceeding the

elevation of aldehydic load (Fig. 5.6D).
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Fig 5.6. Astroglial activation increases 7 days post-impact, following increase in aldehydic load
during the neuroinflammatory cascade driving mTBI. The brains of mice were excised at day two-
and day seven- post-impact, or without impact (sham). Brain sections were fluorescently probed with
anti-GFAP antibody to visualize astrocyte activation and DAPI. A representative image is shown for a
mouse in each cohort based on genotype, age, and timepoint. (A) Young mice (<16 weeks) and (B) old
mice (>65 weeks) all show an increase in GFAP signal in the hippocampus at seven days post-injury, but
not at two days post-injury compared to sham mice. (C) Quantification of GFAP density in a region of the
hippocampus from each mouse with no impact, or two- and seven-days post-impact (n=12 per group;

**p<0.01, ns, non-significant, one-way ANOVA with post-hoc Tukey’s test. (D) Proposed causative role
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of aldehydes, produced from oxidative events, in the pathogenesis of mTBI: initial creation of aldehyde-
rich tissue, followed by astrogliosis (Nf-kB-driven GFAP expression), and progression of the

neuroinflammatory cascade.

5.7. Discussion

Our corticomimetic scaffold was designed to mimic the mechanical properties of cortical brain tissue upon
compression (Fig. 5.1B), and support the growth of primary neurons using existing mammalian cell culture
infrastructure and commercially-sourced collagen. The collagen-based 3D scaffold offers some practical
advantages over bioprinted or silk-based scaffolds *>7 by reducing infrastructure-need, process complexity,
and time-to-finished product **°%%, This higher-throughput, cost-effective method may improve in vitro
testing of CNS-injury models, and, through co-culture of neurons with astrocytes and microglia, provide a
more complete examination of the neurometabolic cascade following injury. In the current study, this
scaffold allowed for imaging of aldehydic load in primary mouse cortical neurons before and after
concussion-like impact. Naive, unimpacted cells have some background level of aldehydes due to normal
metabolic processes, consistent with our previous findings **. Following impact, the cells have a marked
increase in aldehyde-rich foci within the cytoplasm of cells (Fig. 5.1E), likely due to both lipid peroxidation
and polyamine catabolism '®!'73, Future work will aim to determine the nature of these aldehyde-dense

foci.

In recent years, one focus of TBI diagnostic research has been the discovery of blood-based biomarkers,
including several astroglial and neuronal biomarkers S100B, GFAP and UCH-L1 ¢'. Such blood tests
provide no spatial dimension to the diagnosis (i.e., implicated brain regions) and only indicate that an injury
has occurred. Molecular imaging of aldehydes fills this gap, providing information about severity, and
location of injury, which will not only diagnose with high sensitivity, but will aid in the prognosis and
personalized treatment planning following mTBI. The ALERT-TBI study identified a prespecified cut-off
value for serum GFAP and UCH-L1 to predict intracranial injury on head CT 2, which contributed to the

FDA approval of the first blood test for avoidance of unnecessary CT in adults following head trauma in
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2018. Studies on serum and plasma GFAP to discriminate mTBI with and without CT abnormalities are
emerging %, with GFAP continuing to outperform other biomarkers 7. Although blood GFAP level
shows promise, there are some limitations regarding its utility for concussion diagnosis. GFAP levels in the
blood may be sensitive to intracranial pathologies that are not seen on CT, and there is continuing debate
on how the mechanisms by which GFAP and its breakdown products exit the cell and enter the bloodstream.
Importantly, GFAP expression increases with age in the healthy population 8, reducing the specificity of a
blood-based test in older individuals 7. In general, fluid biomarkers have limitations, including short half-
life in biofluid, sources for generation outside of the CNS, delayed appearance in the circulation, and

dependence on age, sex, and co-morbidities 772,

ALDH?2 deficiency affects 560 million people worldwide, making it one of the most prevalent hereditary
disorders 7. The results from this study indicate a potential increased risk for more severe outcomes for the
population with ALDH?2 deficiencies and those of advanced age. Mice with ALDH?2 deficiency had a larger
increase in aldehydes two days post-mTBI compared to WT mice (Fig. 5.5. A, C). Furthermore, aged mice
had more brain aldehydes post-injury compared to young mice (Fig. 5.5 B). Previous studies have shown
that aged mice have decreased ALDH?2 activity and increased HNE (4-hydroxynonenal) protein adducts

compared to young mice 7

, which exacerbates the increase in mitochondrial ROS production and
accumulation of aldehydes that comes with age ”°. Together, these findings support our imaging results to
suggest that the ability to clear these aldehydes is decreased with reduction in ALDH2 activity due to a
genetic mutation (ALDH2 deficiency) and/or advanced age. If aldehydes are propagators of disease, the
inability to quickly clear aldehydes produced in the brain following mTBI may exacerbate post-impact
pathophysiology and/or delay recovery. Now that aldehydes have been determined to be an early biomarker
for mTBI, further testing should be done to elucidate the pathogenic role of aldehydes in the neurometabolic

cascade and if there is an increased risk of more severe symptoms, including PCS, following mTBI in the

aged and ALDH2-deficient populations.
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It is known that oxidative stress leads to profound activation of NF-kB, a family of transcription factors
that play important roles in stress responses, inflammation, and apoptosis 7*””. Various oxidants, cytokines,
chemokines, and growth factors induce molecular signals that lead to activation of NF-kB 7%, a central step

7981 reactive gliosis, and cellular atrophy %%, Several studies

in pro-inflammatory reactive astrocytosis
have shown a link between NF-kB and GFAP upregulation following TBI in cells and in vivo, with NF-
kB-induced astrocyte activation driving edema 4. Interestingly, inhibition of ALDH2 activity results in
enhanced nuclear translocation, and therefore activation, of NF-kB #. Inhibition of NF-xB has also been
shown to reduce astrogliosis in mice . While it is not clear exactly how oxidative stress activates various
protein kinases upstream to NF-«B, evidence implicates stress-derived aldehydes in the activation of the
signaling cascade that eventually activates NF-kB **°. We propose that the link between initial mTBI-
induced injury and NF-kB signaling is mediated by aldehydes as secondary messengers. Lipid peroxidation-
derived aldehydes are known to act as toxic secondary messengers to propagate redox signals leading to
cellular and tissue injury °*°2. Our data directly support the hypothesis (Fig. 5.4 and 5.6) that mTBI-induced

aldehyde production precedes GFAP overexpression, the result of NF-«xB activation, which contributes to

reactive gliosis and inflammation in the brain to propagate trauma-induced injury.

A limitation of the current study is that the earliest timepoint for in vivo aldehyde mapping was two days
post-injury. CEST-MRI will be repeated at shorter post-injury intervals to assess how early acute aldehyde
production occurs. Our study did not explore sex differences in aged and ALDH2”" mice. Some literature
suggests ALDH2 polymorphisms may affect women more than men **, although the effect of sex is likely
different in mice compared to humans °. Moreover, the CEST-MRI technique used for in vivo imaging was
limited to a single slice, preventing whole-brain analysis. Efforts are ongoing to translate the ProxyNA3
probe chemistry described here to a radiotracer for positron emission tomography (PET). Not only would
aradiotracer similar to ProxyNA3 described herein allow for quantitative whole-body mapping of aldehydic

load following mTBI, but its successful implementation could be more rapidly translated to human use **

96
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The current study represents the first steppingstone in the application of aldehydic load as a biomarker for
the objective diagnostic imaging of mTBI. Here, we propose a novel 3D in vitro model of concussion,
which supported the use of aldehydes as a biomarker for mTBI. A new mouse model of ACHI was
developed resulting in behavioural and histological sequalae recapitulating mTBI. Using this model,
ProxyNA3; CEST-MRI was used to map the increase in aldehydic load in the brain following concussion.
Future iterations of this imaging tool may be used in a clinical setting not only telling that mTBI occurred,
but also mapping the severity and location of damage, and leading to improved treatment outcomes via

personalized concussion medicine.

5.8. Materials and Methods

5.8.1. Animals

All procedures for animal experimentation were conducted under Animal Use Protocol SCe-4019 approved
by the TACUC at the University of Ottawa. Mice were housed under 12 hr light/dark cycle, and ambient
temperature of 20-24°C and 45 to 65% humidity. All mice were provided access to food (Rodent Laboratory
Chow) and water ad libitum. The ALDH2 knockout mice have a C57BL/6 background and were generated
as previously described *%, and kindly provided by Dr. Brian Bennett (Queen’s University, Kingston,
Canada). Heterozygous and knockout mice were generated by breeding heterozygotes, genotyping
offspring with extracted DNA from ear punches or tail snips by PCR °’. Wild type mice were obtained from

Charles River Laboratories (MA, USA).

5.8.2. Statistical Analysis

Statistical analyses were performed using Prism (v. 9.5.0, GraphPad, Inc.). Two-group comparisons were
performed by two-tail Student’s t-test. Comparisons across more than two groups was performed by one-
way ANOVA followed by Tukey’s test for honestly significant differences. Normality was assumed where
appropriate for all data sets. Prior to ANOVA, Levene’s test was used to confirm equal variance, and visual

quantile-quantile plot analysis was used to confirm homoscedasticity.
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5.8.3. Corticomimetic Scaffold

5.8.3.1. Donut Scaffold Exterior Preparation

All steps were performed in a biological safety cabinet. Stock glutaraldehyde solution is diluted to 0.75%
in a final volume of 30uL using PBS (Gibco). Stock 1M NaOH solution was used to neutralize collagen
solution. Fibricol Type I collagen (Advanced Biomatrix) was added to a glass vial containing a magnetic
stir bar and then supplemented with 10X DMEM and glutaraldehyde on ice. Collagen hydrogel was
neutralized to a pH of 7.6 using 1.0M NaOH and left on ice in the dark for 15 minutes before dispensing
the gel in 500 pL aliquots into 20 mm diameter coverwell imaging chambers (Electron Microscopy
Sciences). Dispensed gels were incubated at 37°C overnight in a HERAcell 150 incubator (Thermo Fisher)
in the coverslips to solidify. Solidified scaffolds were removed from the coverslips, placed in a 6 well tissue
culture plate (VWR) and covered in 20% glycine for 1 hour at 37°C, 5.0% CO- to quench unreacted
glutaraldehyde. Collagen gel exteriors were then washed with three volumes of 3mL PBS (Gibco), before
being placed back in their original coverslips. Using a 3.0 mm diameter disposable biopsy punch (Miltex),
the centers of each cross-linked collagen gel was removed. Punched collagen hydrogels were then covered

in neurobasal media and incubated at 37°C while the second collagen matrix was being prepared.

5.8.3.2. Primary cell culture

Primary cortical precursors were obtained from E11-12 cortices dissected from CD-1 mice (Charles River
Laboratories) as previously described”®. Briefly, embryos were transferred to ice-cold Hanks’ balanced salt
solution (HBSS) (Fisher Scientific), meninges were removed, and cerebral cortices were isolated from the
brain. The cortical tissue was mechanically triturated with a plastic pipette and seeded directly into a 24-
well plate (Thermo Fisher Scientific), pre-coated with 15% poly-L-ornithine (PLO) (Sigma-Aldrich) and
5% laminin (Thermo Fisher Scientific). The cortical precursors were cultured following a neurosphere
assay protocol” in a neurobasal medium (Thermo Fisher Scientific) containing 500uM GlutaMAX
supplement (Thermo Fisher Scientific), 2% B27 supplement (Thermo Fisher Scientific), 1%

penicillin/streptomycin (Thermo Fisher Scientific), 40ng/mL endothelial growth factor (EGF; Thermo
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Fisher Scientific), and 40 ng/ml FGF2 (PeproTech). The seeded 24 well plate was incubated at 37°C, 5.0%
CO, for six days, with Neurobasal media changed daily. When the cells formed neurospheres
(approximately six days after seeding), they were trypsinized, pelleted by centrifugation (110 x g for 15
min) at room temperature and resuspended in the appropriate volume of neurobasal medium to give a

concentration of 1.28% 10° cells/mL. Cortical precursor resuspension was kept on ice until needed.

5.8.3.3. Donut scaffold interior preparation

A second collagen matrix was prepared by diluting Fibricol Type I collagen (Advanced Biomatrix) in the
appropriate volume of 0.01M HCI to give a collagen concentration of 2.0 mg/mL. Collagen solution was
mixed using a magnetic stir bar and was supplemented with 10X DMEM and neutralized to a pH of 7.2-
7.6 using 1.0 M NaOH. After neutralization, cortical precursor cell suspension was added to give a final
cell concentration of 1,000,000 cells. Sterile water was added to the collagen solution to give a final volume
of 625 uL and the solution was mixed gently with a magnetic stir bar. Cortical precursor-seeded collagen
was left on ice in the dark for 15 minutes before aliquoting in 30 pL. volumes to fill the centers of the donut
exteriors. Donut scaffolds were incubated for 1.5 hours at 37°C, 5.0% CO, before being removed from their
coverslips, placed in a 6 well tissue culture plate (VWR) and covered in Neurobasal Medium (Gibco)
supplemented with 2% B27, 1% Penicillin/Streptomycin (Gibco), GlutaMAX (Gibco), 40ng/mL FGF2
(PeproTech) and 40ng/mL EGF (Thermo-Fisher) and incubated at 37°C, 5.0% CO, for four days before

imaging or performing any further experiments.

5.8.3.4. Mechanical testing with UTM

Scaffolds or 6 mm punches of dissected fresh mouse cortical brain tissue were placed on a Fisherbrand
double frosted microscope slide (Fisher Scientific) in the center of an adhesive, water-tight silicone gasket
(Electron Microscopy Sciences). PBS was added to surround, but not submerge the scaffolds/brain tissue.
The soaked material was then compressed 50% of its thickness five times using a UTM. The UTM recorded

the thickness and standard force of the tested material. All material was tested in quintuplicate.

UTM settings:

156



Speed at starting position is 100mm/min, with a pre-load force of 0.002N, and pre-load speed of SO0mm/min.
A cyclic loading measurement phase with 5 cycles was applied with a strain of 50% at a speed of 3%/s, and
a hold time of 1s at the point of load application and load removal of the cycles. The upper force limit was

set to 20N.

5.8.3.5. Compression testing data analysis

The Young’s Modulus value was used to evaluate the stiffness of the scaffolds and cortical brain tissue.
Young’s Modulus was determined by taking the slope of the linear portion of a stress vs strain graph of the
first compression of the material. Strain was measured as a percentage of the gel’s thickness and stress was
calculated as the applied force per unit of material area. Young’s Modulus data across varying materials
was compared using a Kruskal- Wallis non-parametric test to determine significance between the multiple
experimental groups. When a Kruskal-Wallis test identified significance between experimental groups, a
Benjamini-Hochberg test was performed to give adjusted p-values of each experimental group. Using the
adjusted p-values of the Benjamini-Hochberg test, a Dunn’s post-hoc test was used to find significance

between experimental groups. All statistical analysis was performed on R.

5.8.3.6. Compression and confocal imaging

Live/dead staining: Mouse primary neuron cells isolated and seeded into scaffolds as previously described
were washed with PBS and then incubated with 1 mL of PBS containing calcein-acetoxymethyl ester
(calcein-AM, 2 uM) and ethidium homodimer-1 (EthD-1, 4 uM) for 30 min under cell culture conditions.
The scaffolds were washed gently three times with PBS and mounted onto a polymer-bottom 24 well plate
(Ibidi). Scaffolds were imaged using a Zeiss LSM 880 confocal microscope with excitation/emission
(ex./em.) and multi-bandpass filters (MPB) for calcein-AM set to 495/515 nm MBP 488nm and EthD-1 set
to 495/635 nm MBP 458/561nm, respectively. Tile-scanned (3x3) Z-stacked images were acquired on 20x
objective within the depth range of coherent light. Live cells fluoresced green (calcein-AM) and dead cells

fluoresced red (EthD-1). Images were presented as maximum intensity projections (MIPs) of the Z-stacks.
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NeuO: Cells are incubated with 0.25uM NeuO in cell culture medium at 37°C for 1 hour. The imaging
medium was then replaced with fresh culture medium and incubated at 37°C for 2 hours before imaging.
Confocal imaging was performed using a 20X objective with ex/em set to 488/557nm with multi-bandpass

filter (MBP) of 488nm.

5MeONA;: Images of live cells within the scaffold were taken after incubation 5SMeONA; for aldehyde
detection, before and after impact. The cell-seeded scaffold was placed in a well of a 12 well polymer-
bottom plate and submerged in phenol-free media. Images were taken at 10X, 20X, or 64X objective at
multiple depths of focus, with ex/em set to 405/420-520nm and MBP 405nm. After pre-impact imaging,
the scaffold was removed from the well containing media and placed on a microscope slide and positioned
under a custom-made 30mm tip for the impactor device. The depth was set to 0.5mm, velocity 4m/s and
dwell time 0.3s. After impact, the gel was placed back into the well containing phenol red-free media to

proceed with post-impact imaging.

5.8.4. mTBI mouse model
Model development including optimization of impact parameters, behavioral tests, and DCE-MRI was

performed on WT Balb/c mice.

4.8.4.1 Awake closed head impact:

Unanesthetized mice were placed head-first into a conical restraint bag and held in a prone position by the
base of the tail and hindlimbs (Fig. S3A). The head of the mouse was positioned under the tip (Smm
diameter) of the impactor (Leica Impact One Electromagnetic Impactor). The mouse was held over a sheet
of filter floss to allow free linear and rotational movement of the head and neck. The velocity, depth, and
dwell time were set (see Table S1) and the impact was performed, with the tip making contact around the
site of bregma. Immediately after impact, the mice were given a subcutaneous bolus of buprenorphrine

(0.01mg/kg) and placed in the supine position until righting reflex was regained. Sham mice were placed
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in restraint bag and held under impactor for 30 seconds, then removed from the bag to simulate the stress

associated with handling.

Neurological Severity Score (NSS): The neurological severity score (NSS) is made up of a variety of tasks

used to assess a rodent’s balance, normal behavior, cognition, and reflexes (Supporting Fig. S3B-H). The
procedure was adapted from previous studies 119, Tasks were judged in a pass/fail format with zero points
being awarded for completing the task and one point being awarded for failing to complete the task. As
such, higher NSS is used to indicate greater deficits in the abilities mentioned above, with a maximum
composite score of 5. For model development, mice performed the NSS immediately after impact, and at
1-, 4- and 24-hours post-impact. Note for the cohort of mice impacted at 2.35 m/s, the NSS was not
performed immediately after impact. Each of the tasks incorporated in the NSS are outlined below in the

order in which they were performed:

1. Hindlimb Reflex. A mouse was raised approximately 60 cm in the air by the tail (Supporting Fig. S3D).
A point was awarded if the mouse failed to extend both forelimbs and hindlimbs, and instead crossed its

limbs.

2. Startle Reflex. A mouse was placed on the flat surface of the lab bench and one researcher clapped over
top of the mouse, while the other researcher observed for the presence of a normal startle reflex (Supporting

Fig. S3E). A point was awarded if the mouse failed to display a proper startle reflex.

3. Escape Paradigm. A mouse was placed in the center of a cylinder with a diameter of 30 cm, a height of
20 cm and a small door (5 cm?) to allow the mouse to escape (Supporting Fig. S3F). A point was awarded

if the mouse failed to successfully exit the door during a 3-minute period.

4. Balance Test. A mouse was placed in the center of a meter stick positioned on its side (width of 0.6 cm)
that was being held by a researcher in between an empty cage and the rodent’s home cage (Fig. S3G). A
point was awarded if the mouse failed to balance on the meter stick in a perched position for a period of 10

seconds.
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5. Beam Walk Test. Using the same meter stick from task 4., the mouse was again placed in the center of
the stick that was supported by an empty cage and the rodent’s home cage that was placed 60 cm away (Fig.
S3H). This time the meter stick was in the flat position (width of 2.5 cm). If the mouse failed to traverse 30

cm in either direction on the stick during a 3-minute period, a point was awarded.

Grid walk: Our modified grid walk test was used as an additional measure for acute deficits in motor
coordination, as well as a measure of activity level'®. The mouse was placed in the center of a 21 cm? grid
(1/2-inch hole size) elevated 30 cm in the air (Fig. S3B-H). A video camera was positioned at a 45-degree
angle underneath the grid for visualization. Mice were recorded for a 3-minute period 24 hours before
impact and immediately after the NSS was performed post-concussive impact. Analysis was performed by
a blinded researcher watching the videos frame by frame. The total number of forelimb strides were
recorded, and the total number of forelimb foot faults were recorded. A foot fault was defined as anytime
the mouse misplaced one of its forelimbs allowing it to pass directly through the grid (Fig. S3B vs. C). The
activity level of the mouse was also recorded during the 3-minute period. Being active was defined when
any part of the mouse was moving, which included exploratory behavior, such as just moving the head. The
percentage of forelimb foot faults was calculated by dividing the number of forelimb foot faults by the total
number of forelimb steps. The percentage of time active was calculated by dividing the total time spent

active by the 3-minute recording period.

5.8.5. Probe preparation

5MeONA; ** was synthesized as previously described; spectral characterization match that previously

reported.

51

ProxyNA; was prepared from 5-O-propargyl-N-Boc-anthranilic acid previously prepared by us °' by
modification of an existing literature protocol . A one pot reaction involving Boc deprotection and a

diazotization/reduction cascade resulted in ProxyNA; -2 HCI (Scheme 1).
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i. HCI, dioxane/water
ii. NaNO,, HCl/water

N
\/O\Q:COOH iii. SNCLy",H,0, 6M HCI \/O\@COOH
?

NHBoc 78% over three steps NHNH, - 2HCI

Scheme 1 Synthesis of ProxyNA3

General synthetic procedures: Reagents were commercially available or prepared as stated below. All
solvents were HPLC grade except for water (18.2 MQ cm MilliQ water). Solvents were removed under
reduced pressure in a rotary evaporator. Thin-layer chromatography (TLC) was carried out on Al backed
silica gel plates with compounds visualised by anisaldehyde stain, 5% ninhydrin stain, and UV light.
Melting points (mp) were obtained on EZ-Melt apparatus and are uncorrected. NMR spectra were recorded
on a 300 MHz spectrometer for "H NMR spectra 8 values were recorded as follows: DMSO-Ds (2.50 ppm);
for *C (93.75 MHz) 8 DMSO-Ds (39.50 ppm). Mass spectra (MS) were obtained using electron impact

(ED).

ProxyNAs: Concentrated HC1 (3 mL) was added to a stirred solution of 5-O-propargyl-N-Boc-anthranilic
acid (291 mg, 1 mmol) in dioxane (2.5 mL). The mixture was stirred for 45 minutes at 80 °C, was cooled
to 0 °C and an ice-cold solution of NaNO> (76 mg, 1.1 mmol) in water (500 pL) was added. The stirring
continued for 1 h at 0 °C, an ice-cold solution of SnCl, - 2H,0 (451 mg, 2 mmol) in 6 M HCI (1 mL) was
added, the cooling bath was removed, and the stirring continued for 1 h at room temperature. The mixture
was set aside for 1 h at 3°C, separated solid was filtered with suction, was washed with an ice-cold diluted
HCI and was dried to afford 5-O-propargyl-N-aminoanthranilic acid dihydrochloride, orange solid, mp.
220-222°C, 217 mg, 78%. 'H NMR (DMSO-Dg) 6 10.28 (br s, D,O exch., 3H); 8.82 (br s, D,O exch., 1H);
7.50 (d, J=2.5 Hz, 1H); 7.30 (dd, J= 7.0, 2.5 Hz, 1H); 7.18 (d, J= 7.0 Hz, 1H); 4.81 (d, J = 2.0 Hz, 1H);

3.58 (t,J=2.0 Hz, 1H). *C NMR (DMSO-Dy) 8 168.4, 150.9, 142.0, 122.0, 116.6, 116.5, 115.5, 79.1, 78.5,
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56.0. HRMS (EI) m/z; found 206.0710 [M'] (calcd 206.0691 for CioHi0N20O3). LRMS (EI) m/z (rel

abundance) 206 [M ‘] (10), 131 (10). NMR spectra can be found in Supporting Figures 5 and 6.

5.8.6. In vivo imaging

5.8.6.1. Dynamic Enhanced Contrast Magnetic Resonance Imaging (DCE-MRI)

The experimental design for DCE-MRI was adapted from a previous study'®. The experiments were
performed on a 3T MRI (MR Solutions). Mice were anesthetized with 1-2% isoflurane and then tail
cannulation was performed for injection of the gadobutrol contrast agent. Single slice positioning was
performed in the axial plane, between the bregma 3.56mm and -4.36mm. The following parameters were
used: Slices: 7; Slice thickness: 1.0 mm; FOV: 40; Slice gap: 0.1; FOV ratio: 1.000. After setting the
positioning parameters, and performing a Scout image, a series of serial T1-weighted images were obtained
pre-contrast, during contrast, and post-contrast injection with gadobutrol (0.1 mmol kg-1; GadavistTM,
Bayer). T1-weighted images were obtained using a Rapid Imaging with Refocused Echoes (RARE) pulse
sequence with varying TIs (Pre-contrast: 280, 500, 900, 1200, 1500, 4650, 1200ms; During contrast:
1200ms x 10; Post-contrast: 280, 500, 900, 1200, 1500, 4650ms). The following imaging acquisition

parameters were used: Echo spacing: 16; TE: 16; Echo train: 8; Views: 240.

Analysis of the scans was performed using the VivoQuant software. Four Regions of Interest (ROIs) were
drawn using the 3D ROI Tool on 6 slices of each of the scans. Note, the first slice for each scan was not
included in analysis due to the presence of the skull, which limited image resolution and clarity. The four
ROIs included the brain, the ventricles, the meninges and the middle cerebral artery, which was referred to
as blood. The mean voxel intensity in each of the ROIs across all six slices was generated for the scan
immediately before gadobutrol injection (TI of 1200 ms) and then for the 10 consecutive scans taken at 3-
minute intervals post gadobutrol injection (TI of 1200 ms). The data was then plotted for each of the ROI
as the percentage change in voxel intensity, which was calculated by dividing the mean voxel intensity in
each of the 10 consecutive scans taken post gadobutrol injection by the single scan taken immediately

before gadobutrol injection. This procedure was performed for each of the timepoints: 5 days pre-impact
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(baseline), 6 hours post-impact, 30 hours post-impact, 54 hours post-impact. A generalized linear model
(GLM), repeated measures was used to determine whether there were significant differences in the

percentage change in voxel intensities in each of the ROIs before and after impact.

5.8.6.2. CEST-MRI

All CEST-MRI acquisitions were performed on a 3T pre-clinical MRI (MR Solutions, Ltd.). A single slice
Single Shot Rapid Imaging with Refocused Echoes (RARE) pulse sequence was implemented with the
following parameters: Average=1, Matrix size=96x96, TE=7 ms, Echo Spacing=7 ms, TR=6000 ms, CEST
Length=5000 ms.. Prior to imaging, tail veins were cannulated with an ~1m long cannula (~100 pL dead
volume), permitting intravenous injection in the MRI. Mice were warmed and respiration rate was
monitored through the duration of the imaging experiment. Heads were centered in the FOV using standard
localizer sequences. In order to correct for B, inhomogeneity, a Water Saturation Shift Referencing
(WASSR) sequence was implemented prior to any Z-spectra acquisitions. For WASSR, Z-spectra were
acquired from +200 to -200 Hz at 25 Hz steps, and a pre-saturation pulse B; amplitude B; = 0.65 uT . The
total acquisition time for WASSR was 1 min 42 seconds. CEST MRI prior to contrast agent administration
(single slice, slice thickness = 2.0 mm FOV =35 x 35 mm, CEST frequency range from +1500 to -1500 Hz
centered on the water resonance, sampled in steps of 100 Hz, a pre-saturation pulse B; amplitude B; = 2.61
uT, and acquisition time 3 minutes 6 seconds). After the completion of the initial Z-spectrum, each mouse
received a bolus injection of 100 pL of 40 mM of PHBA dissolved in saline, and the line was flushed with
100 pL saline. No adverse events were noted in any of the mice receiving PHBA injections. Post-contrast
Z-spectra were acquired sequentially for 45 min post-injection. An anatomical reference image was
acquired using a Tr-weighted RARE sequence (Average=2, Matrix size=256x256, TE=68 ms, Echo

Spacing=17 ms, TR=4800 ms) with the same FOV as the Z-spectra acquisitions.

Images were post-processed and analyzed using the Matlab routine provided by Guanshu Liu et al.,
available for download here: http://godzilla.kennedykrieger.org/CEST/ '%7. Code modifications were

necessary to read the vendor specific imaging files and to reorder the image data. Image maps were
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generated to plot %eMTRasym at Dw = 6.5 ppm over the entire slice, and a final map of the ratio of 45 min
post-PHBA injection divided by pre-PHBA injection images was plotted using Image J. This map was
colour coded using a custom lookup table and overlaid onto the corresponding anatomical image. Brain

regions of interest (ROI) of the ratio map were quantified by histogram analysis using Imagel.

5.8.7. Histology

Mice were anesthetized with isoflurane and perfused with 4% PFA. The brain was delicately removed from
the skull and placed in a 50mL tube containing 4% PFA, at 4°C for 24 hours. The brains were then
cryoprotected in sequential 15% and 30% sucrose solutions at 4°C. They were then embedded in OCT

(Tissue-Trek) over dry ice and moved to -80°C for storage.

5.8.7.1. Tissue sectioning and free-floating immunofluorescence staining
Serial 40um sections were taken using a cryostat (Leica CM1850) starting at the initial appearance of the
lateral ventricles and placed into a 24 well plate containing PBS with 0.01% sodium azide solution and

stored at 4°C. 12 sections were taken per brain.

12 brains were excised from mice from each group (naive, 2 days post-injury, 7 days post-injury) for
immunofluorescence staining. One brain was excluded from the 7-day group due to damage during

excision. Therefore, 35 mice were used for histological assessment.

Brain sections were removed from sodium azide-containing solution and washed in PBS 3x 5min on a
rocker. They were then blocked with a solution containing 5% goat serum, 0.1% Triton X-100 and 0.1%
Tween-20 for 1 hour at room temperature. The sections were then incubated with primary antibodies (a-
GFAP or a-Ibal) diluted in blocking solution overnight at 4°C on a rocker. After washing with PBS 3x
Smin, secondary antibodies were added in blocking buffer for 1 hour at room temperature on a rocker.
Secondary antibody solution was removed, and the sections were washed again and then transferred into a

petri dish filled with 1X PBS and mounted onto a charged microscope slide using a fine paintbrush. A

164



coverslip was placed onto the slide using Fluoromount-G mounting medium with DAPI (Invitrogen), and

the slide was stored in the dark until imaging.

Imaging was performed on a Zeiss axioscan microscope slide scanner. Images were tiled, z-stacks were
taken to ensure total depth was imaged, and at 10X resolution. Post-processing in Zen Blue included tile
stitching, shading correction, background subtraction, and maximum intensity projection. For
quantification, a 1500x1300pixel rectangular region of interest was drawn on approximately the same
region of hippocampus of each image and quantified in Fiji (total GFAP intensity divided by total Hoechst

intensity).

5.8.7.2. Western Blotting:

Mice were euthanized via CO, asphyxiation. Brains and livers were removed and immediately snap-frozen
in liquid nitrogen and stored at -80°C until use. Tissues were then homogenized in 1X RIPA buffer with
protease inhibitor tablet (Roche) in a bead beater for 5 minutes at 4°C. The protein in the supernatant was
then quantified using Pierce BCA protein quantification kit with BSA in lysis buffer for standard curve.
30ug of protein was added per well and run on a 4-20% pre-cast gel (Biorad). Membranes were probed

with a-ALDH?2 (Proteintech 15310-1-AP) and a-Vinculin (Abcam ab130007).

5.9.  Conflicts of interest
The authors have filed a patent (U.S. 11,696,960) regarding the use of N-aminoanthranilic acids for

aldehyde imaging.

5.10. Acknowledgements
General: The authors would like to thank Dr. Emilio Alarcon for his advice on preparation of 3D scaffolds,

and Vivian Franklin for her assistance in mouse colony breeding and maintenance.

Funding: A.J.S. acknowledges funding support from Canada Research Chairs (950-230754), CIHR (PJT-
376892), NSERC Discovery Grant (RGPIN- 2021-03387), Government of Ontario Early Researcher Award

(ER18-14-102), and the Concussion Injury Group of the uO Brain and Mind Research Institute.

165



5.11. Author Contributions

A K., R.D.,, and A.S. developed in vivo mouse model of mTBI. A.K., C.W., A.S. and N.D.C. contributed to
corticomimetic scaffold development. J.W. and J.L. performed primary cortical precursor cell dissections.
M.S. and N.C. performed all chemistry for probe preparation. A.K., R.D., C.D., and E.S. conducted UTM
experiments. A.K. performed histology, microscopy, and molecular biology procedures. A.K. and A.J.S.

conducted MR imaging, performed statistical analysis, data interpretation, and drafting of manuscript.

166



5.12.

10

11

12

13

14

15

16

17

18

19

20

References

Cassidy, J. D. et al. Incidence, risk factors and prevention of mild traumatic brain injury: results
of the WHO Collaborating Centre Task Force on Mild Traumatic Brain Injury. Journal of
rehabilitation medicine 36, 28-60, (2004).

Baldwin, G. T., Breiding, M. J. & Comstock, R. D. Epidemiology of sports concussion in the
United States. Handbook of clinical neurology 158, 63-74, (2018).

Stephenson, S., Langley, J. & Cryer, C. Effects of service delivery versus changes in incidence on
trends in injury: a demonstration using hospitalised traumatic brain injury. Accident Analysis &
Prevention 37, 825-832, (2005).

Montenigro, P. H. et al. Cumulative head impact exposure predicts later-life depression, apathy,
executive dysfunction, and cognitive impairment in former high school and college football
players. Journal of neurotrauma 34, 328-340, (2017).

Buki, A. et al. Minor and repetitive head injury. Advances and Technical Standards in
Neurosurgery: Volume 42, 147-192, (2015).

Lingsma, H. F. & Cnossen, M. C. Identification of patients at risk for poor outcome after mTBI.
The Lancet Neurology 16, 494-495, (2017).

Haydel, M. J. et al. Indications for computed tomography in patients with minor head injury. New
England Journal of Medicine 343, 100-105, (2000).

Homer, C. J. & Kleinman, L. Technical report: minor head injury in children. Pediatrics 104, e78-
e78, (1999).

Olson, A., Ellis, M. J., Selci, E. & Russell, K. Delayed symptom onset following pediatric sport-
related concussion. Frontiers in neurology 11, 220, (2020).

Giza, C. C. et al. Summary of evidence-based guideline update: evaluation and management of
concussion in sports: report of the Guideline Development Subcommittee of the American
Academy of Neurology. Neurology 80, 2250-2257, (2013).

Giza, C. C. & Hovda, D. A. The new neurometabolic cascade of concussion. Neurosurgery 75,
S24,(2014).

Yu, Z., Li, W. & Brunk, U. T. 3-Aminopropanal is a lysosomotropic aldehyde that causes
oxidative stress and apoptosis by rupturing lysosomes. Apmis 111, 643-652, (2003).

Petronilho, F. ef al. Oxidative stress in brain according to traumatic brain injury intensity. Journal
of Surgical Research 164, 316-320, (2010).

Halstrom, A. et al. Elevation of oxidative stress indicators in a pilot study of plasma following
traumatic brain injury. Journal of Clinical Neuroscience 35, 104-108, (2017).

Cristofori, L. et al. Biochemical analysis of the cerebrospinal fluid: evidence for catastrophic
energy failure and oxidative damage preceding brain death in severe head injury: a case report.
Clinical biochemistry 38, 97-100, (2005).

Zahedi, K. et al. Polyamine catabolism is enhanced after traumatic brain injury. Journal of
neurotrauma 27, 515-525, (2010).

Yates, N. J. et al. Repeated mild traumatic brain injury in female rats increases lipid peroxidation
in neurons. Experimental brain research 235, 2133-2149, (2017).

Singh, I. N. et al. Phenelzine mitochondrial functional preservation and neuroprotection after
traumatic brain injury related to scavenging of the lipid peroxidation-derived aldehyde 4-
hydroxy-2-nonenal. Journal of cerebral blood flow & metabolism 33, 593-599, (2013).

Cebak, J. E., Singh, 1. N., Hill, R. L., Wang, J. A. & Hall, E. D. Phenelzine protects brain
mitochondrial function in vitro and in vivo following traumatic brain injury by scavenging the
reactive carbonyls 4-hydroxynonenal and acrolein leading to cortical histological neuroprotection.
Journal of neurotrauma 34, 1302-1317, (2017).

Hall, E. D., Vaishnav, R. A. & Mustafa, A. G. Antioxidant therapies for traumatic brain injury.
Neurotherapeutics 7, 51-61, (2010).

167



21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

Shao, C., Roberts, K. N., Markesbery, W. R., Scheff, S. W. & Lovell, M. A. Oxidative stress in
head trauma in aging. Free Radical Biology and Medicine 41, 77-85, (2006).

Isokuortti, H. et al. Who gets head trauma or recruited in mild traumatic brain injury research?
Journal of neurotrauma 33, 232-241, (2016).

Sohal, R. S. & Orr, W. C. The redox stress hypothesis of aging. Free Radical Biology and
Medicine 52, 539-555, (2012).

Esterbauer, H., Schaur, R. J. & Zollner, H. Chemistry and biochemistry of 4-hydroxynonenal,
malonaldehyde and related aldehydes. Free radical Biology and medicine 11, 81-128, (1991).
Ayala, A., Mufioz, M. F. & Argiielles, S. Lipid peroxidation: production, metabolism, and
signaling mechanisms of malondialdehyde and 4-hydroxy-2-nonenal. Oxidative medicine and
cellular longevity 2014, (2014).

Roozenbeek, B., Maas, A. I. & Menon, D. K. Changing patterns in the epidemiology of traumatic
brain injury. Nature Reviews Neurology 9, 231-236, (2013).

Hume, C. H., Wright, B. J. & Kinsella, G. J. Systematic Review and Meta-analysis of Outcome
after Mild Traumatic Brain Injury in Older People. Journal of the International
Neuropsychological Society 28, 736-755, (2022).

Chen, J. & Yu, B. Detoxification of reactive aldehydes in mitochondria: effects of age and dietary
restriction. Aging Clinical and Experimental Research 8, 334-340, (1996).

Anderson, E. J., Katunga, L. A. & Willis, M. S. Mitochondria as a source and target of lipid
peroxidation products in healthy and diseased heart. Clinical and Experimental Pharmacology
and Physiology 39, 179-193, (2012).

Yoval-Sanchez, B. & Rodriguez-Zavala, J. S. Differences in susceptibility to inactivation of
human aldehyde dehydrogenases by lipid peroxidation byproducts. Chemical research in
toxicology 25, 722-729, (2012).

Er, J. C. et al. NeuO: a fluorescent chemical probe for live neuron labeling. Angewandte Chemie
International Edition 54, 2442-2446, (2015).

Scimone, M. T., Cramer 111, H. C., Hopkins, P., Estrada, J. B. & Franck, C. Application of mild
hypothermia successfully mitigates neural injury in a 3D in-vitro model of traumatic brain injury.
Plos one 15, €0229520, (2020).

Suchy, M. et al. Methyl 5-MeO-N-aminoanthranilate, a minimalist fluorogenic probe for sensing
cellular aldehydic load. Org Biomol Chem 17, 1843-1853, (2019).

Xiong, Y., Mahmood, A. & Chopp, M. Animal models of traumatic brain injury. Nature Reviews
Neuroscience 14, 128-142, (2013).

Petraglia, A. L., Dashnaw, M. L., Turner, R. C. & Bailes, J. E. Models of mild traumatic brain
injury: translation of physiological and anatomic injury. Neurosurgery 75, S34-S49, (2014).
Meaney, D. F. & Smith, D. H. Biomechanics of concussion. Clinics in sports medicine 30, 19-31,
(2011).

Statler, K. D. et al. Isoflurane exerts neuroprotective actions at or near the time of severe
traumatic brain injury. Brain research 1076, 216-224, (2006).

Statler, K. D. et al. Comparison of seven anesthetic agents on outcome after experimental
traumatic brain injury in adult, male rats. Journal of neurotrauma 23, 97-108, (2006).

Makdissi, M. et al. Natural history of concussion in sport: markers of severity and implications
for management. The American journal of sports medicine 38, 464-471, (2010).

McClincy, M. P., Lovell, M. R., Pardini, J., Collins, M. W. & Spore, M. K. Recovery from sports
concussion in high school and collegiate athletes. Brain injury 20, 33-39, (2006).

Ponsford, J. et al. Factors influencing outcome following mild traumatic brain injury in adults.
Journal of the International Neuropsychological Society 6, 568-579, (2000).

Meconi, A. ef al. Repeated mild traumatic brain injury can cause acute neurologic impairment
without overt structural damage in juvenile rats. PloS one 13, 0197187, (2018).

168



43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

Petraglia, A. L. et al. The spectrum of neurobehavioral sequelae after repetitive mild traumatic
brain injury: a novel mouse model of chronic traumatic encephalopathy. Journal of neurotrauma
31, 1211-1224, (2014).

Brady, R. D. ef al. Modelling traumatic brain injury and posttraumatic epilepsy in rodents.
Neurobiology of disease 123, 8-19, (2019).

Baskin, Y. K., Dietrich, W. D. & Green, E. J. Two effective behavioral tasks for evaluating
sensorimotor dysfunction following traumatic brain injury in mice. Journal of neuroscience
methods 129, 87-93, (2003).

Heye, A. K., Culling, R. D., Hernandez, M. d. C. V., Thrippleton, M. J. & Wardlaw, J. M.
Assessment of blood—brain barrier disruption using dynamic contrast-enhanced MRI. A
systematic review. Neurolmage: Clinical 6,262-274, (2014).

Turtzo, L. C. et al. Meningeal blood—brain barrier disruption in acute traumatic brain injury.
Brain Communications 2, fcaal43, (2020).

Patel, N. & Kirmi, O. in Seminars in Ultrasound, CT and MRI. 559-564 (Elsevier).

Dang, T. et al. Hydrazo-CEST: Hydrazone-Dependent Chemical Exchange Saturation Transfer
Magnetic Resonance Imaging Contrast Agents. Chemistry — A European Journal 24, 9148-9156,
(2018).

Brun, E. M. S. P.-T. et al. Mapping vitamin B 6 metabolism by hydrazoCEST magnetic resonance
imaging. Chemical Communications 57, 10867-10870, (2021).

Kirby, A., Suchy, M., Brouwer, A. & Shuhendler, A. Mapping aldehydic load in vivo by positron
emission tomography with [18 F] NA 3 BF 3. Chemical Communications 55, 5371-5374, (2019).
Kitagawa, K. et al. Aldehyde dehydrogenase (ALDH) 2 associates with oxidation of
methoxyacetaldehyde; in vitro analysis with liver subcellular fraction derived from human and
Aldh2 gene targeting mouse. FEBS letters 476, 306-311, (2000).

Guillot, A. et al. Targeting liver aldehyde dehydrogenase-2 prevents heavy but not moderate
alcohol drinking. Proceedings of the National Academy of Sciences 116, 25974-25981, (2019).
Farina, C., Aloisi, F. & Meinl, E. Astrocytes are active players in cerebral innate immunity.
Trends in Immunology 28, 138-145, (2007).

Walus, K., Beyer, S. & Willerth, S. M. Three-dimensional bioprinting healthy and diseased
models of the brain tissue using stem cells. Current Opinion in Biomedical Engineering 14, 25-
33, (2020).

Tang-Schomer, M. D. et al. Bioengineered functional brain-like cortical tissue. Proceedings of the
National Academy of Sciences 111, 13811-13816, (2014).

Warren, D., Tomaskovic-Crook, E., Wallace, G. G. & Crook, J. M. Engineering in vitro human
neural tissue analogs by 3D bioprinting and electrostimulation. APL bioengineering 5, (2021).
Lee, W. et al. Three-dimensional bioprinting of rat embryonic neural cells. Neuroreport 20, 798-
803, (2009).

Rockwood, D. N. et al. Materials fabrication from Bombyx mori silk fibroin. Nature protocols 6,
1612-1631, (2011).

Nazarov, R., Jin, H.-J. & Kaplan, D. L. Porous 3-D scaffolds from regenerated silk fibroin.
Biomacromolecules 5, 718-726, (2004).

Bouvier, D., Oris, C., Brailova, M., Durif, J. & Sapin, V. Interest of blood biomarkers to predict
lesions in medical imaging in the context of mild traumatic brain injury. Clinical biochemistry 85,
5-11, (2020).

Bazarian, J. J. ef al. Serum GFAP and UCH-L1 for prediction of absence of intracranial injuries
on head CT (ALERT-TBI): a multicentre observational study. The Lancet Neurology 17, 782-789,
(2018).

Cevik, S. et al. NRGN, S100B and GFAP levels are significantly increased in patients with
structural lesions resulting from mild traumatic brain injuries. Clinical neurology and
neurosurgery 183, 105380, (2019).

169



64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

&3

84

Huebschmann, N. A. ef al. Comparing glial fibrillary acidic protein (GFAP) in serum and plasma
following mild traumatic brain injury in older adults. Frontiers in Neurology 11, 1054, (2020).
Czeiter, E. ef al. Blood biomarkers on admission in acute traumatic brain injury: relations to
severity, CT findings and care path in the CENTER-TBI study. EBioMedicine 56, (2020).

Gill, J. et al. Glial fibrillary acidic protein elevations relate to neuroimaging abnormalities after
mild TBI. Neurology 91, e1385-e1389, (2018).

Mahan, M. Y. et al. Glial fibrillary acidic protein (GFAP) outperforms S100 calcium-binding
protein B (S100B) and ubiquitin C-terminal hydrolase L1 (UCH-L1) as predictor for positive
computed tomography of the head in trauma subjects. World neurosurgery 128, e434-¢444,
(2019).

Nichols, N. R., Day, J. R., Laping, N. J., Johnson, S. A. & Finch, C. E. GFAP mRNA increases
with age in rat and human brain. Neurobiology of aging 14, 421-429, (1993).

Gardner, R. C. et al. Age-related differences in diagnostic accuracy of plasma glial fibrillary
acidic protein and tau for identifying acute intracranial trauma on computed tomography: a
TRACK-TBI study. Journal of neurotrauma 35, 2341-2350, (2018).

Calcagnile, O., Holmén, A., Chew, M. & Undén, J. S100B levels are affected by older age but not
by alcohol intoxication following mild traumatic brain injury. Scandinavian journal of trauma,
resuscitation and emergency medicine 21, 1-6, (2013).

Dash, P. K., Zhao, J., Hergenroeder, G. & Moore, A. N. Biomarkers for the diagnosis, prognosis,
and evaluation of treatment efficacy for traumatic brain injury. Neurotherapeutics 7, 100-114,
(2010).

Chou, S. H., Robertson, C. S. & Monitoring, P. i. t. I. M.-d. C. C. o. t. M. Monitoring biomarkers
of cellular injury and death in acute brain injury. Neurocritical care 21, 187-214, (2014).
Brooks, P. J., Enoch, M.-A., Goldman, D., Li, T.-K. & Yokoyama, A. The alcohol flushing
response: an unrecognized risk factor for esophageal cancer from alcohol consumption. PLoS
medicine 6, ¢1000050, (2009).

Wu, B. et al. Aldehyde dehydrogenase 2 activation in aged heart improves the autophagy by
reducing the carbonyl modification on SIRT1. Oncotarget 7, 2175, (2016).

Kasai, A. et al. Aldehyde dehydrogenase 2 deficiency promotes skeletal muscle atrophy in aged
mice. American Journal of Physiology-Regulatory, Integrative and Comparative Physiology 322,
R511-R525, (2022).

Comporti, M. Lipid peroxidation and cellular damage in toxic liver injury. Laboratory
investigation, a journal of technical methods and pathology 53, 599-623, (1985).

Baeuerle, P. A. & Baltimore, D. NF-kB: ten years after. Cell 87, 13-20, (1996).

Grossmann, M., Nakamura, Y., Grumont, R. & Gerondakis, S. New insights into the roles of
ReL/NF-kB transcription factors in immune function, hemopoiesis and human disease. The
international journal of biochemistry & cell biology 31, 1209-1219, (1999).

Clark, D. P. et al. Inflammation in traumatic brain injury: roles for toxic A1l astrocytes and
microglial-astrocytic crosstalk. Neurochemical research 44, 1410-1424, (2019).

Wheeler, M. A. & Quintana, F. J. Regulation of astrocyte functions in multiple sclerosis. Cold
Spring Harbor perspectives in medicine 9, (2019).

Dresselhaus, E. C. & Meffert, M. K. Cellular specificity of NF-«B function in the nervous
system. Frontiers in immunology 10, 1043, (2019).

Nonaka, M. et al. Prolonged activation of NF-«kB following traumatic brain injury in rats. Journal
of neurotrauma 16, 1023-1034, (1999).

Sanz, O., Acarin, L., Gonzalez, B. & Castellano, B. NF-«B and IxBa expression following
traumatic brain injury to the immature rat brain. Journal of neuroscience research 67, 772-780,
(2002).

Sun, L. et al. Inhibition of HMGBI1 reduces rat spinal cord astrocytic swelling and AQP4
expression after oxygen-glucose deprivation and reoxygenation via TLR4 and NF-«xB signaling in
an IL-6-dependent manner. Journal of neuroinflammation 14, 1-18, (2017).

170



85

86

87

88

&9

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

Pan, C. ef al. Aldehyde dehydrogenase 2 inhibits inflammatory response and regulates
atherosclerotic plaque. Oncotarget 7, 35562, (2016).

Saggu, R. et al. Astroglial NF-kB contributes to white matter damage and cognitive impairment
in a mouse model of vascular dementia. Acta neuropathologica communications 4, 1-10, (2016).
Dwivedi, S., Sharma, A., Patrick, B., Sharma, R. & Awasthi, Y. C. Role of 4-hydroxynonenal and
its metabolites in signaling. Redox Report 12, 4-10, (2007).

Miiller, J. M., Rupec, R. A. & Baeuerle, P. A. Study of gene regulation by NF-xB and AP-1 in
response to reactive oxygen intermediates. Methods 11, 301-312, (1997).

Meyer, M., Pahl, H. L. & Baeuerle, P. A. Regulation of the transcription factors NF-xB and AP-1
by redox changes. Chemico-biological interactions 91, 91-100, (1994).

Yadav, U. C., Ramana, K. V., Awasthi, Y. C. & Srivastava, S. K. Glutathione level regulates HNE-
induced genotoxicity in human erythroleukemia cells. Toxicology and applied pharmacology 227,
257-264, (2008).

Zarkovié, N. et al. 4-Hydroxynonenal as a second messenger of free radicals and growth
modifying factor. Life Sciences 65, 1901-1904, (1999).

Thompson, C. A. & Burcham, P. C. Genome-wide transcriptional responses to acrolein. Chemical
Research in Toxicology 21, 2245-2256, (2008).

Kikuchi, N. et al. The ALDH2 rs671 polymorphism is associated with athletic status and muscle
strength in a Japanese population. Biology of Sport 39, 429-434, (2022).

Kenny, L. M. & Aboagye, E. O. Clinical translation of molecular imaging agents used in PET
studies of cancer. Advances in cancer research 124, 329-374, (2014).

Shaw, R. C., Tamagnan, G. D. & Tavares, A. A. S. Rapidly (and successfully) translating novel
brain radiotracers from animal research into clinical use. Frontiers in Neuroscience 14, 871,
(2020).

Van de Bittner, G. C., Ricq, E. L. & Hooker, J. M. A philosophy for CNS radiotracer design.
Accounts of chemical research 47, 3127-3134, (2014).

Isse, T. et al. Diminished alcohol preference in transgenic mice lacking aldehyde dehydrogenase
activity. Pharmacogenetics and Genomics 12, 621-626, (2002).

Loan, A. et al. Prenatal low-dose methylmercury exposure causes premature neuronal
differentiation and autism-like behaviors in a rodent model. Iscience 26, (2023).

Azari, H., Sharififar, S., Rahman, M., Ansari, S. & Reynolds, B. A. Establishing embryonic
mouse neural stem cell culture using the neurosphere assay. J Vis Exp 47, (2011).

Shohami, E., Novikov, M. & Bass, R. Long-term effect of HU-211, a novel non-competitive
NMDA antagonist, on motor and memory functions after closed head injury in the rat. Brain
research 674, 55-62, (1995).

Beni-Adani, L. et al. A peptide derived from activity-dependent neuroprotective protein (ADNP)
ameliorates injury response in closed head injury in mice. Journal of Pharmacology and
Experimental Therapeutics 296, 57-63, (2001).

Flierl, M. A. et al. Mouse closed head injury model induced by a weight-drop device. Nature
protocols 4, 1328-1337, (2009).

Khalin, I. ef al. A mouse model of weight-drop closed head injury: emphasis on cognitive and
neurological deficiency. Neural regeneration research 11, 630, (2016).

Chao, O., Pum, M., Li, J.-S. & Huston, J. The grid-walking test: assessment of sensorimotor
deficits after moderate or severe dopamine depletion by 6-hydroxydopamine lesions in the dorsal
striatum and medial forebrain bundle. Neuroscience 202, 318-325, (2012).

McKay, C. S. & Finn, M. Polyvalent catalysts operating on polyvalent substrates: A model for
surface-controlled reactivity. Angewandte Chemie 128, 12833-12839, (2016).

Blockx, 1. et al. Monitoring blood-brain barrier integrity following amyloid-f immunotherapy
using gadolinium-enhanced MRI in a PDAPP mouse model. Journal of Alzheimer's Disease 54,
723-735, (2016).

171



107 Liu, G., Song, X., Chan, K. W. & McMahon, M. T. Nuts and bolts of chemical exchange
saturation transfer MRI. NMR in Biomedicine 26, 810-828, (2013).

172



Appendix to Chapter 5
Supplemental material for:

Aldehydic load as an objective imaging biomarker of mild traumatic brain injury

Alexia Kirby, Cian Ward, Nicholas D. Calvert, Ryan Daniel Joseph Leung, Ashwin Sharma, Mojmir
Suchy, Cassandra Donatelli, Jing Wang, Emily Standen, Adam J. Shuhendler

173



Supplemental figures and table

dakk

e
=
o
I
*

S

o

5
I

0.02-

---------

Young’s Modulus (N/mm?)

0.00 41— —
X o\ Lo\ oo oo oo o\ o\ o\ o\e
\Q\)o"@" ij@ RN Q@"J » © Qa}f’b Glutaraldehyde
.\0‘3
oo‘:” 1 2 4 8.1 mg/mL
< Collagen

Fig. S5.1. Young’s Modulus of different formulations of corticomimetic scaffold exterior in
comparison to murine cortical punch. Various concentrations of glutaraldehyde cross-linker and collagen
(n=4 per group) were tested and compared to a punch of cortical brain tissue of a mouse (n=5) using a

universal testing machine (UTM). Boxplots and individual data points are shown, *p<0.05.

174



iPSC-derived Human Cortical Neurons iPSC-derived Human
(7 Days Post-Seeding) Cortical Neurons

NeuO (Neuron)

3 Days Post-Seeding

Live/
(20x Ob;j.)

7 Days Post-Seeding

Fig. S5.2. 3D corticomimetic scaffold made for in vitro concussion model can support growth of
primary human neurons. iPSC-derived human cortical neurons were seeded into the central neural plug
of the corticomimetic scaffold. NeuO staining was performed and imaged on a confocal microscope 7 days
post-seeding to confirm differentiation of neurons (left; scale bar= 50uM). A majority of cells were alive
following live/dead staining with calcein-AM (green; alive) and ethidium homodimer-1 (red/dead) at 3

days- (top) and 7-days (bottom) post-seeding. Scale = 100 uM.
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Fig. S5.3. Awake closed head impact (ACHI) setup and behavioural tests for mouse model of mTBI.
(A) Awake mice are restrained in a conical bag with an opening to allow for breathing. The mouse is then
placed under a Smm impactor tip held by a stereotaxic rig, with filter floss placed underneath to allow free
rotation of the head and neck. (B-C) Examples of mice performing the grid walk test where they are allowed
to walk around a raised grid for three minutes before (B) and after (C) ACHI, where foot faults and activity
time are recorded. (D-H) Five pass-or-fail tests are conducted before and after ACHI which comprise the
neurological severity score (NSS). (D) Mice are hung from the tail and awarded a point (fail) if the
hindlimbs cross; (E) startle reflex, where the researcher claps and a point is awarded for any reaction to the
sound; (F) escape paradigm, where mice are placed in the middle of a ~25cm diameter cylinder with a door
and given 3 minutes to escape; (G) balance test, where mice are hung by the front paws and given 10
seconds to lift themselves into a perched position as in the photo; (H) beam walk test where a mouse is
placed on a meter stick 30cm away from a cage (one home cage, one new cage) on either end and given 3

minutes to reach a cage.
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Fig. S5.4. Mapping of brain aldehydes by ProxyNAj in mice two days post-mTBI. Mice separated into
groups by age (young <16 weeks, aged >65 weeks) and genotype (ALDH2 **, " ) underwent CEST-MRI
at two days post-concussive impact. %MTR,sym after ProxyNAj3 injection normalized to pre-contrast signal
is mapped onto coronal T>-weighted image for each mouse. There is sufficient binding of ProxyNA3 to
endogenous aldehydes for detection in every mouse two days post-mTBI.
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Fig. S5.5 "H NMR spectrum of ProxyNA;. Signal at § 3.56 ppm indicates the presence of small amount of

dioxane in the sample.
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Table S5.1. Impact velocities tested for mouse model of mTBI using electromechanical impactor

device. Three impact velocities were evaluated using a Smm tip on an impactor device based on previously

reported models of mTBI. Behavioural deficits were only noted for 5 and 6m/s impacts. Less than 5% of

mice impacted at Sm/s elicited an unwanted outcome, compared to 100% impacted at 6m/s.

Impact Velocity Behavioural outcome Unwanted outcome* | References
2.35m/s None None 1.2

5m/s Present <5% 313

6m/s Present 100% [k

*Unwanted outcome= severe TBI (seizure, skull fracture, brain hemorrhaging, death)
**6.8m/s; our impactor device had maximum velocity of 6.0m/s

179



References

10

11

12

13

14

Main, B. S., Sloley, S. S., Villapol, S., Zapple, D. N. & Burns, M. P. A mouse model of single and
repetitive mild traumatic brain injury. JoVE (Journal of Visualized Experiments), €55713, (2017).
Winston, C. N. et al. Dendritic spine loss and chronic white matter inflammation in a mouse
model of highly repetitive head trauma. The American journal of pathology 186, 552-567, (2016).
Bachstetter, A. D. et al. Attenuation of traumatic brain injury-induced cognitive impairment in
mice by targeting increased cytokine levels with a small molecule experimental therapeutic.
Journal of neuroinflammation 12, 1-9, (2015).

Creed, J. A., DilLeonardi, A. M., Fox, D. P,, Tessler, A. R. & Raghupathi, R. Concussive brain
trauma in the mouse results in acute cognitive deficits and sustained impairment of axonal
function. J Neurotrauma 28, 547-563, (2011).

Goodus, M. T. et al. Leukemia inhibitory factor haplodeficiency desynchronizes glial reactivity
and exacerbates damage and functional deficits after a concussive brain injury. Journal of
Neurotrauma 33, 1522-1534, (2016).

Schneider, B. L. ef al. Increased Cortical Gamma-Aminobutyric Acid Precedes Incomplete
Extinction of Conditioned Fear and Increased Hippocampal Excitatory Tone in a Mouse Model of
Mild Traumatic Brain Injury. J Neurotrauma 33, 1614-1624, (2016).

Webster, S. J., Van Eldik, L. J., Watterson, D. M. & Bachstetter, A. D. Closed head injury in an
age-related Alzheimer mouse model leads to an altered neuroinflammatory response and
persistent cognitive impairment. The Journal of neuroscience : the official journal of the Society
for Neuroscience 35, 6554-6569, (2015).

Wendel, K. M. et al. Corpus Callosum Vasculature Predicts White Matter Microstructure
Abnormalities after Pediatric Mild Traumatic Brain Injury. J Neurotrauma, (2018).

Emmerich, T. et al. Mild TBI Results in a Long-Term Decrease in Circulating Phospholipids in a
Mouse Model of Injury. Neuromolecular medicine 19, 122-135, (2017).

Han, X. et al. In vivo two-photon imaging reveals acute cerebral vascular spasm and
microthrombosis after mild traumatic brain injury in mice. Frontiers in neuroscience 14, 210,
(2020).

Shitaka, Y. et al. Repetitive closed-skull traumatic brain injury in mice causes persistent
multifocal axonal injury and microglial reactivity. Journal of Neuropathology & Experimental
Neurology 70, 551-567, (2011).

Velosky, A. G., Tucker, L. B., Fu, A. H., Liu, J. & McCabe, J. T. Cognitive performance of male
and female C57BL/6J mice after repetitive concussive brain injuries. Behavioural brain research
324, 115-124, (2017).

Mouzon, B. et al. Repetitive mild traumatic brain injury in a mouse model produces learning and
memory deficits accompanied by histological changes. Journal of neurotrauma 29, 2761-2773,
(2012).

Lynch, J. R. et al. A novel therapeutic derived from apolipoprotein E reduces brain inflammation
and improves outcome after closed head injury. Experimental neurology 192, 109-116, (2005).

180



Chapter 6: It's a Trap! Aldolase-prescribed Cs-deoxyradiofluorination affords intracellular
trapping and the tracing of fructose metabolism by PET

Alexia Kirby'?, Dominic Graf>*, Mojmir Suchy*?, Nicholas D. Calvert**, Thomas A. Charlton?,
Robert N. Ben?, Christina L. Addison*>%, Adam Shuhendler’>7*

"Department of Biology, University of Ottawa; Ottawa, ON, Canada. *University of Ottawa Heart
Institute; Ottawa, ON, Canada. *Department of Chemistry and Biomolecular Sciences; University of
Ottawa, Ottawa, ON, Canada; “Program for Cancer Therapeutics, Ottawa Hospital Research Institute,
Ottawa, ON, Canada; Department of Medicine, University of Ottawa, Ottawa, ON, Canada; *Department
of Biochemsitry, Microbiology and Immunology, University of Ottawa, Ottawa, ON, Canada; "Brain and
Mind Research Institute, University of Ottawa; Ottawa, ON, Canada.

*Correspondence should be addressed to:

Adam Shuhendler

10 Marie Curie Pvt.
Ottawa, Ontario, Canada
KIN 6N5

adam.shuhendler@uottawa.ca

181



6.1. Introduction to the Research Article Presented Within this Chapter

While the previous manuscripts have consisted of probe development for aldehydes as biomarkers of
inflammation, the paper presented in this chapter takes a different approach to imaging the inflammatory
response by targeting the disruption of normal metabolism. Here, a new metabolic radiotracer, ['*F]4-FDF,
is presented. This radiotracer was developed to complement the current clinical gold standard for cancer
imaging, ["*F]FDG. ["®F]FDG is a radiolabeled glucose analog, that accumulates in tissues with high
glycolysis, making it a very useful non-invasive tool for imaging many cancers. However, the signal to
noise ratio becomes too large when these cancers are present in organs with high baseline metabolism like
the brain and heart, creating a gap in our clinical diagnostic imaging capabilities. Furthermore, the switch
to fructose metabolism has been implicated in a wide variety of pathologies, as outlined in chapter 1. Here,
we present a radiolabeled fructose analog that accumulates in tissues with high fructolysis. Since baseline
levels of fructolysis are low in the brain and heart, ['*F]4-FDF may fill the gap that ['"*F]FDG leaves in

clinical metabolic imaging.

6.2. Author Contributions
A.K. conducted all in vivo mouse experiments and image analysis. A.K., R.B., C.A., and A.l.
conceptualized the study. M.S, D.G., T.C. performed chemical synthesis. N.C. performed cell experiments

for metabolomics study. A.K. and A.S. wrote and edited the manuscript.

6.3. Copyright
Reproduced from Ref. Journal of Nuclear Medicine 65.3 (2024): 475-480.

https://doi.org/10.2967/inumed.123.266905.

6.4. Abstract

Fructose metabolism has been implicated in various diseases, including metabolic, neurodegenerative,
cardiac disorders, and cancer. However, the limited availability of a quantitative imaging radiotracer has
hindered its exploration in pathology and diagnostic imaging. In response, we adopted a molecular design
strategy based on the catalytic mechanism of aldolase, a key enzyme in fructolysis. We successfully
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synthesized a novel radiodeoxyfluorinated fructose analog, ['*F]4-fluoro-4-deoxyfructose (['*F]4-FDF), in
high molar activity. Through heavy isotope tracing by mass spectrometry, we demonstrated that Cs-
deoxyfluorination of fructose led to effective trapping as fluorodeoxysorbitol and fluorodeoxyfructose-1-
phosphate in vitro, unlike C;- and Cs-fluorinated analogs that resulted in fluorolactate accumulation. This
observation was consistent in vivo, where ['®F]6-FDF displayed substantial bone uptake due to metabolic
processing, while ['*F]4-FDF did not. Importantly, ['*F]4-FDF exhibited low radiotracer uptake in healthy
brain and heart tissues, known for their high glycolytic activity and background levels of ['*F]FDG uptake.
['*F]4-FDF PET/CT allowed for sensitive mapping of neuro- and cardioinflammatory responses to systemic
LPS administration. Our study highlights the significance of aldolase-guided Cs-radiodeoxyfluorination of
fructose in enabling effective radiotracer trapping, overcoming limitations of C;- and Ce-radioanalogs

towards a clinically viable tool for imaging fructolysis in highly glycolytic tissues.
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Key Points

Question: Can fructose metabolism accurately be mapped by PET?

Pertinent Findings: By installing radiofluorine at the C4’ position of fructose, fructose metabolism can be

accurately mapped due to intracellular trapping of the phosphorylated metabolite. It was found that fructose
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utilization was very low in the healthy brain and heart, but elevated in disease, providing an opportunity for

imaging neuro- and cardioinflammation.

Implications for Patient Care: The introduction of ['*F]-4-fluoro-4-deoxyfructose opens new doors for
mapping inflammation in cardiac and neural diseases with a biosimilar radiotracer based on a modified

dietary sugar.
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6.5. Introduction

The use of fructose as an energy source (i.e. fructolysis) during the onset and progression of a variety of
diseases is a continued area of both fundamental and clinical investigation, where inflammation-induced
energy crises activate a fructolytic state in the affected tissues. In the heart, the switch from glycolysis to
fructolysis has been identified in cardiac hypertrophy"? and myocardial infarction?, with data supporting a
hypoxia-driven activation of this aberrant metabolic program. In the brain, fructolysis is thought to be a
putative driver of Alzheimer’s disease®, and has been shown to be pro-inflammatory with negative
implications following traumatic injury, stroke injury, and psychological health’. The switch from glucose
to fructose as energy source may also be a key oncologic driver, promoting the progression of a variety of
solid tumors through the concerted transcriptional activation of transport and metabolic machinery®!°.
Excessive fructose consumption has also been associated with a hepatic-centered metabolic syndrome

1112 "gcular, '3

thought to drive obesity and diabetes'!, and to be a major player in the related cardiovascular
and degenerative outcomes'?. The fundamental importance of fructolysis in a range of diseases has

encouraged the development of methods to non-invasively map fructose metabolism, a challenge that is

currently an unsolved problem.
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Figure 6.1. Fructose metabolism tracing, then and now. A) The initial metabolism of fructose comprises
cell uptake, phosphorylation and scission steps mediated by GLUTS, ketohexokinase (KHK) and aldolase
(ALDO), respectively. The proposed progression of existing fructose-derived radiotracers, 1- and 6-FDF,
as well as the hypothesized trapping of the proposed 4-FDF are shown. B) The first two steps of the
aldolase-mediated scission of fructose is shown. B™: basic residue; Blue: aldolase active site residue. C) The
proposed effect of C,4 deoxyfluorination on the aldolase mechanism. B™: basic residue; Blue: aldolase active

site residue.

Canonical fructose metabolism begins with Glucose Transporter 5 (GLUTS)-mediated transport into the
cell and ketohexokinase-mediated trapping of the sugar as fructose-1-phosphate (Fig. 6.1A)'%
Phosphorylation is followed by carbon chain scission through the activity of aldolase enzymes, and the

subsequent formation of glyceraldehyde-3-phosphate that continues to be metabolized downstream. This
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metabolic cascade has been followed using non-invasive in vivo imaging in preclinical models, taking
advantage of the spectroscopic capabilities of deuterium and hyperpolarized magnetic resonance
imaging'*">. Towards the clinical translational utilization of fructolysis as a quantitative imaging
biomarker, previous work has attempted to trace fructose metabolism by positron emission tomography
(PET) by installing radiofluorine (**F) at the C; or Cs positions '-2°. The early metabolic trapping of fructose
would lend itself to tracing of aberrant metabolism similarly to ['®F]-2-fluoro-2-deoxy-D-glucose
(["®*F]FDG), the most extensively applied PET nuclear diagnostic used in the clinic. However, the

significant bone-derived radioactivity observed by PET from previous radiodeoxyfluorofructose analogs

suggest that cellular trapping was not achieved (Fig. 6.1A).

In redesigning a radiofluorinated fructose analog that results in trapping of the phosphorylated metabolite,
the catalytic mechanism of aldolase, the enzyme for which fructose-1-phosphate is a substrate, was closely
examined (Fig. 6.1B)?!. Within the aldolase active site, the initial Schiff base formation with the C,-carbonyl
is immediately followed by a base-mediated proton abstraction from the C4-hydroxyl moiety to induce C-
C bond scission. Given the critical role of the C4-OH in the catalytic mechanism, we hypothesized that the
deoxyfluorination of the Cs-position would prevent aldolase-mediated scission (Fig. 6.1C), resulting in the
trapping of 4-deoxy-4-fluoro-D-fructose (4-FDF) within the metabolic cell of origin (Fig. 6.1A). Herein we
generate 4-FDF, evaluate its metabolic flux in vitro relative to 1- and 6-FDF, and compare the PET imaging
of ['8F]4-FDF to ['®F]6-FDF and ["®F]FDG in tracing metabolism in mouse models of cancer and systemic

inflammation.
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Figure 6.2. Decoding the positional effects of fructose deoxyfluorination on its metabolism in vitro in
HepG2 cells by mass spectrometry. The relative abundance of metabolites from isotopically labelled
[UBC]-fructose (A) and [UC]-1- (orange), [U'3C]-4- (blue), and [U*C]-6-FDF (purple). C) Time course
of metabolite generation from [U'*C]-4-FDF. Metabolism schemes based on mass spectrometry results for
[UC]-fructose (D), [U'*C]-1- (E), [U'3C]-4- (F), and [U'*C]-6-FDF (G). Light grey: undetected metabolite

or pathway; Black: detected metabolite or pathway; Blue circle: °C, Yellow circle: '°F, Pink circle: PO4*.
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6.6. Materials & Methods

5.6.1. Synthesis.

All synthetic procedures are described in detail in the Supplemental Information.

6.6.2. In vitro Metabolic Tracing.

All procedures for metabolic tracing of [U'*C]-fructose analogs are provided in the Supplementary

Information

6.6.3. Animal Models.
All animal research was approved by the IACUC of uOttawa under AUP SCe-3254-R3 (tumor study) and
SCe-4019-A1 (inflammation study). Mice were housed in standard cages, kept on a 12-hr light/dark cycle

and provided standard rodent chow and water ad libitum.

Eight week-old female nu/nu mice were inoculated with 10x10° HepG2 cells suspended in 50%
Matrigel:DMEM subcutaneously under the left shoulder. Within 3-weeks of implantation, mice were

imaged by PET/CT.

Eight week old male C57BI16 mice received 5 mg/kg LPS through intraperitoneal injection 24-hr prior to
planned PET/CT imaging. Mice were supported by being warmed, and by being given fluids
subcutaneously 12 hr after LPS injection. The mice were monitored and scored for severity of response to

LPS as published previously?

6.6.4. PET/CT Imaging.

PET/CT imaging was carried out on a Bruker Si78PET/CT scanner with a 4-position hotel having adjustable
isoflurane and respiratory monitoring for each position (Bruker USA). Tail veins were catheterized, and an
anatomical CT was acquired over the whole of the mouse bodies using the “rat” settings. PET acquisition
was started just prior to a bolus i.v. injection of approximately 7.4 MBq of radiotracer. Dynamic scans were
acquired in list mode format over 45 min, and sorted into 16 x 0.5-mm sinogram bins for image

reconstruction (4 x 15 s, 4 x 60 s and 8 x 300 s). Iterative reconstruction was performed using 3D ordered-
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subsets expectation maximization (3D-OSEM) followed by fast maximum a posteriori (fastMAP) using
Paravision 360 software v.3.4 (Bruker, USA). Four-mouse images were split into individual mice, and the
bed was removed using PMOD v (Bruker, USA). VivoQuant v.2022 (InviCRO) was used for visualization
of radioradiotracer uptake in tissues, to define the three-dimensional (3D) volumes of interest (VOI) and
for 3D-visualisation to create volume rendering technique images. The count densities were averaged for
all volumes of interest at each time point to obtain a time versus activity curve (TAC). Tumor and tissue
TACs were normalized to injected dose, measured by a CRC-15 PET dose calibrator (Capintec, Inc., NJ,

USA), and expressed as percentage injected dose per cubic centimeter of tissue (%ID/cc).

6.6.5. Statistical Analyses.

Statistical analyses were performed using Prism (v. 9.5.0, GraphPad, Inc.). Comparisons across more than
two groups was performed by one-way ANOVA followed by Tukey’s test for honestly significant
differences. Normality was assumed where appropriate for all data sets. Prior to ANOVA, Levene’s test was
used to confirm equal variance, and visual quantile-quantile plot analysis was used to confirm

homoscedasticity.

6.7. Results

In order to characterize the structure-activity effect of fructose deoxyfluorination on metabolic flux, we
evaluated the metabolism of isotopically labelled [U'*C]-fructose, and [U'*C]-1-, [U'*C]-6-, and [U*C]-4-
FDF deoxyfluorinated fructose analogs in vifro in HepG2 human hepatocarcinoma cells by mass
spectrometry (Fig. 6.2). HepG2 were chosen as a model cell line due to a recent report by Tee et al. outlining
their propensity for fructolysis®. [U"*C]-1- and [U'*C]-6-FDF were synthesized according to previously
published methods'®!?, and [U'*C]-4-FDF was synthesized as described in the supporting information.
After confirming that [U'*C]-fructose was metabolized as expected through both fructolytic and polyol
pathways to establish a baseline for tracing fructose metabolism (Fig. 6.2A), we next examined the relative
flux of the deoxyfluorinated analogs (Fig. 6.2B). [U'3C]-1-FDF showed limited metabolism through the

polyol pathway, with the majority of the '*C-labelled cellular product being [U'*C]-deoxyfluorolactate (Fig.
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6.2B, orange). Of critical importance, however, is that while [U'*C]-6-FDF metabolism resulted in a
substantial amount of [U'*C]-deoxyfluorolactate production as a result of proceeding through scission and
downstream metabolism (Fig.6.2B, purple), [U'*C]-4-FDF metabolism halted at [U'*C]-4-fluorodeoxy-1-
phosphate, the fructolytic metabolite that is the substrate for aldolase-mediated scission (Fig. 6.2B, blue).
Uniquely, [U*C]-4-FDF metabolism also resulted in the accumulation of [U'3C]-4-fluorodeoxyfructose-
1,6-bisphophate. A key outcome of this experiment was the confirmation that all deoxyfluorinated analogs
of fructose entered the cells rapidly (within 30 min). To validate the observed metabolite trapping, a time
course evaluation of [U!*C]-4-FDF metabolism was performed over 60 min, demonstrating the steady-state
accumulation of [U"CJ-4-fluorodeoxyfructose-1-phosphate and [U"C]-4-fluorodeoxyfructose-1,6-
bisphosphate, and increase in [U'*C]-4-fluorodeoxysorbitol throughout the 60 min of incubation (Fig.
6.2C). The results of this study support our hypothesis that, like native fructose (Fig. 6.2D) neither [U'*C]-
1- (Fig. 6.2E) nor [U"*C]-6-FDF are metabolically trapped (Fig. 6.2G), but that the deoxyfluorination of
fructose at C4 prevents aldolase-mediated hexose scission and traps the deoxyfluorinated fructose analog in
the cell (Fig. 6.2F). By rethinking the site of deoxyfluorination to afford metabolic trapping as informed by
the catalytic mechanism of the enzyme immediately ensuing to the intended trapped metabolite, the

chemical requirements for mapping fructolysis were uncovered.
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Figure 6.3. Synthesis of (A) the radiochemical precursor and (B) the final radiofluorinated ['*F]4-

FDF.

In order to proceed towards fructolysis mapping in vivo by PET, a radiodeoxyfluorination approach was
designed to afford nucleophilic substitution at the Cs4 position using standard radiochemical techniques
somewhat related to the routine production of ["*F]FDG. Details of the synthesis of compounds 1-4 have
been reported previously?*, and further synthetic steps and chemical characterization for compounds 5, 6,
and ['®F]4-FDF are provided in the supporting information (Supplemental schemes 1-5 and Supplemental
Figures. 3-232). The precursor synthesis began with C;-OH methylation and dimethyl ketalation of C,-OH
and C;3-OH, followed by the protection of Cs-OH with chloromethyl methyl ether (MOM CI) in order to
isolate the C4-OH (Fig. 6.1A). The stereochemistry at C4 was then inverted in two steps, and was converted
to the tosylated precursor 5 (Fig. 6.1A). The Cs-stereoinversion was necessary to allow the subsequent

radiodeoxyfluorination step to restore the Cs-D-enantiomer after the ['*F]TEAF-mediated nucleophilic
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attack (Fig. 6.1B, 6). Rapid on-module deprotection resulted in ['*F]4-FDF in good radiochemical yield
(25-30%) and molar activity (25.3+0.6 GBq/nmol) comparable to that resulting from the routine production

of [SF]JFDG?.

With the confirmation of cell uptake and intracellular trapping of [U'3C]4-FDF, and the successful
production of the radiofluorinated analog, the biodistribution of ['*F]4-FDF was evaluated in a heterotopic
HepG2 xenograft mouse model and compared to the biodistribution of ['*F]6-FDF and ['*F]FDG (Fig. 6.4).
['®F]1-FDF was not evaluated in vivo since it was already demonstrated to be poorly retained in cells in
vitro and in vivo'®. Following intravenous injection, ['*F]4-FDF was found to accumulate in the tumor, with
renal exceeding hepatobiliary excretion (Fig. 6.4A). This pattern of radiotracer retention was similarly
observed for ['®F]6-FDF, with a key difference, however, being bone uptake (Fig. 6.4B). While any bone
uptake was limited to <2 %ID/g for ['*F]4-FDF (Fig. 6.4A and Supplementary Figure 2), bone uptake was
3.69-fold higher (>7 %ID/g) following ['®F]6-FDF imaging (Fig. 6.4B and D). This extensive bone uptake,
which continues to increase over time (Fig. S6.1), was reported previously for ["*F]6-FDF'’, and is
supported by the metabolic flux outcomes of [U'C]6-FDF demonstrating the production of

[UC]fluorodeoxylactate (Fig. 6.2B and G).
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Figure 6.4. Comparative PET/CT imaging in a heterotopic HepG2 xenograft mouse model. PET/CT
images shown are the summed images from 20-45 min after intravenous injection of (A) ['*F]4-FDF, (B)
['®F]6-FDF, or (C) ["*F]JFDG. Sagittal, coronal, and maximum intensity projection (MIP) are show, in
addition to axial sections at the level of the brain, heart, liver/kidneys, and hips. D) The fold change in area
under the curve (AUC) for the entire time-activity curve in Fig. S5.2 are shown for ['®F]6-FDF and ['*F]
FDG normalized to the values for ['®F]4-FDF. Purple represents an increase in AUC and blue represents a

decrease in AUC. The values are normalized fold-change in AUC.
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Overall, the accumulation of ['®F]4-FDF in normal mouse tissues was lower than that observed with
["®F]FDG (Fig. 6.4A vs. 6.4C). Notably, the area under the time activity curve (AUC) for ['*F]FDG in the
brain and heart was 6.01- and 5.29-fold greater, respectively, than for ['®F]4-FDF (Fig. 6.3D), suggesting
that healthy brain and heart have a limited dependence on fructolysis for energy production. In order to
further investigate whether a fructolytic switch occurs in inflammatory neural and cardiac tissues, as
previously proposed!-*!2, a mouse model of systemic inflammation was examined (Fig. 6.5). Mice receiving
saline vehicle (Fig. 6.5A) or intraperitoneal bacterial cell wall lipopolysaccharide (LPS), as previously
described (Fig. 6.5B)*, were imaged by ['®F]4-FDF PET/CT 24 hr after injection. A significant increase in
cardiac (Fig. 6.5D and F) and brain (Fig. 6.5C and F) uptake of ['®F]4-FDF was observed following LPS
treatment in all mice evaluated. Both the brain and heart demonstrate inflammatory responses to LPS
stimulation within 24 hr of its systemic introduction, mediated through toll-like receptor engagement on
microglia or cardiac adrenergic cells***’. The low uptake of ['®F]4-FDF in healthy brain and heart
contributed to an increased signal-to-noise ratio for the mapping of cardio- and neuroinflammation (Fig.

6.5C and D).
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Figure 6.5. Imaging inflammation in the brain and heart. ['*F]4-FDF PET/CT was performed on mice
receiving vehicle (A) or bacterial cell wall LPS (B) 24 hr after injection. Sagittal, coronal, MIP, and axial
sections of the brain, heart and muscle are shown. Time-activity curves (TAC) for brain (C), heart (D), and
muscle (E) are shown for mice receiving vehicle (-LPS, purple) or LPS (+LPS, blue). Solid lines are the
means and shaded region are standard deviation. F) Comparison of TAC AUC values for brain and heart
ROIs for mice receiving vehicle (-LPS, purple) or LPS (+LPS, blue. Plots shows individual data points

(circles), mean (long line) and s.d. (vertical line). * p<0.05 by ANOVA followed by Tukey’s test.
g p y y y

6.8.  Discussion

While the pathological switch to fructose metabolism has been implicated in a variety of metabolic,
neurodegenerative and cardiac diseases, as well as a driver and/or consequence of malignancy, the
evaluation of fructolysis in fundamental mechanisms of pathology and its implementation as a diagnostic
imaging biomarker has been limited by the lack of a quantitative radiotracer for imaging-based analysis.
Taking a molecular design approach informed by the catalytic mechanism of aldolase, the fructolytic
enzyme whose activity must be blocked in order to afford metabolic trapping, we synthesized a novel
radiodeoxyfluorinated analog of fructose: ['®*F]4-FDF. Radiosynthesis was realised on a standard
radiofluorination module in good yield and molar activity, mimicking the nucleophilic radiofluorination
and acid-catalyzed deprotection used for the preparation of ['*F]FDG (Fg. 6.3).

As compared to previously reported Ci- and Ce¢-radioanalogs of fructose, using heavy isotope tracing by
mass spectrometry we demonstrated that the Ci-deoxyfluorination of fructose led to trapping as
fluorodeoxysorbitol and fluorodeoxyfructose-1-phosphate in vitro (Fig. 6.2). Key differences in polyol
pathway flux was also observed between the different fluorinated positional isomers. The limited polyol
flux observed for C;-fluorodeoxyfructose is likely the result of improper substrate positioning in the sorbitol
dehydrogenase active site by the deoxyfluorination of C;, which prevents a critical C;-OH-to-Zn

interaction?. In contrast, both [U'3C]-6- and [U'*C]-4-FDF were capable of proceeding through the polyol
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pathway, but did not form detectable amounts of glucose-6-phosphate (Fig. 6.2B, purple and blue,
respectively). The arrest at [U'3C]-4/6-fluorodeoxysorbitol could be the result of the reduction of aldose
reductase activity either through active site water displacement or catalytically detrimental interactions with
the active site-adjacent specificity pocket**°. Notably, neither the Ci- nor Ce-fluorinated analogs led to
trapping, but rather proceeded through fructolysis to produce fluorolactate. This result was recapitulated in
vivo, where ['®F]6-FDF showed significant bone uptake that was a result of metabolic processing, but which

was not observed using ['*F]4-FDF (Fig. 6.4).

Our metabolic tracing studies suggest that the bone uptake observed with ['®F]6-FDF imaging in vivo (Fig.
6.4) may not be the result of tumor cell-induced defluorination, but rather the formation of lactate (Fig. 6.2).
Lactate is actively pumped out of tumor cells by influx/efflux monocarboxylate transporters MCT1 and
MCT4, which contributes to the acidic tumor microenvironment that is a hallmark of solid tumors®'*2. The
direct mechanism of radiofluorinated metabolite uptake by bone remains to be uncovered, however it is
known that osteoblasts express MCT1 and actively take up lactate*>. Additionally, extra-tumoral
metabolism may also contribute to radioactivity uptake in the bone, as hepatic lactate metabolism through
lactate dehydrogenase can result in the production of pyruvate with a potential for defluorination®®. By any
mechanism, both in vitro and in vivo data demonstrate that radiodeoxyfluorination of fructose at C4, but not

Cs, can subvert cellular radiometabolite loss and bone accumulation.

An important outcome of the stable tracing of fructolysis afforded by ['®F]4-FDF was the observation of
very low radiotracer uptake in healthy brain and heart (Fig. 6.5), tissues that are highly glycolytic and
associated with high background levels of ['"*F]FDG uptake (Fig. 6.4). The low fructolytic background rates
in these tissues afforded the sensitive mapping of the neuro- and cardioinflammatory response to systemic
LPS administration by ['®F]4-FDF (Fig. 6.5). Therefore, the aldolase-prescribed Cs-radiodeoxyfluorination
of fructose resulted in radiotracer trapping upon intracellular uptake and phosphorylation (Fig. 6.1),

overcoming limitations to fructolysis tracing by C;- and Ce-radioanalogs.
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While ["*F]FDG is used clinically to map glucose uptake for diagnostic imaging of traumatic brain injury?’,
dementia®®, and Alzheimer’s Disease?, the estimation of neuroinflammation by ['*F]FDG PET is difficult
as physiological glucose uptake may obscure inflammation-specific signal. The presence of inflammatory
cells can mask metabolic deficits in neurodegenerative diseases, hindering the use of glucose consumption
as a biomarker in these cases®. Neuronal ['"*F]FDG uptake in an LPS-treated mouse therefore does not
necessarily reflect metabolic state or neuronal damage, as microglial activation and immune cell infiltration
confound uptake*'. ["®F]JFDG-PET may also be used for diagnostic imaging of cardiopulmonary
inflammation*? and infection*’, and atherosclerosis, however, efforts must be made to minimize myocardial
glucose metabolism prior to imaging to reduce false-positive rate due to low signal-to-noise ratio***. These
efforts rely on a diet-based metabolic switch from glucose to free fatty acids, relying heavily on patient-
compliance. The low brain and heart uptake in healthy, unfasted mice described herein make fructose
metabolism an attractive biomarker in tissues that are otherwise highly glycolytic, and have high ['*F]FDG

uptake in the absence of disease.

6.9. Conclusion

The metabolic flux of deoxyfluorofructose was characterized heavy isotope labelling. [U'3C]-1-FDF
exhibited limited polyol metabolism, while both [U*C]-6-FDF and [U"*C]-4-FDF showed polyol pathway
involvement. Only [U3C]-4-FDF metabolism halted at [U'3C]-4-fluorodeoxyfructose-1-phosphate,
supporting its unique ability to be trapped within cells. ['*F]4-FDF was synthesized with good molar activity
and radiochemical yield. In a HepG2 xenograft mouse model, ['*F]4-FDF exhibited tumor accumulation
with minimal bone uptake, whereas ['*F]6-FDF displayed substantial bone retention. ['*F]4-FDF displayed
lower accumulation in normal mouse tissues than ['*)F]JFDG, notably in the brain and heart. As a result, a
significant increase in ['*F]4-FDF uptake in cardiac and brain tissues was observed after LPS treatment,
highlighting the potential of ['*F]4-FDF PET/CT for sensitive mapping of cardio- and neuroinflammation
in highly glycolytic tissues. Overall, this research provides critical insights into the metabolic fate of

deoxyfluorinated fructose analogs and demonstrates the potential of ['®F]4-FDF for mapping disease and/or
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injury involving cardio- and neuroinflammation. With the ability to safely and effectively map fructolysis
in mice, and low uptake in healthy tissues compared to ['"*F]FDG, ['*F]4-FDF offers a clinically viable tool
for diagnostic imaging of tissues with a high baseline glycolytic index. As dosimetry is not expected to be

limiting, the clinical translation of this biosimilar radiotracer is feasible.
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Appendix to Chapter 6

Supporting Information for:

It's a Trap! Aldolase-prescribed C4-deoxyradiofluorination affords intracellular metabolite
trapping and the tracing of fructose metabolism by PET

Alexia Kirby"2, Dominic Graf>*, Mojmir Suchy??, Nicholas D. Calvert*?, Thomas A. Charlton?, Robert
N. Ben?, Christina L. Addison*>°, Adam Shuhendler!?37*

"Department of Biology, University of Ottawa; Ottawa, ON, Canada. *University of Ottawa Heart
Institute; Ottawa, ON, Canada. *Department of Chemistry and Biomolecular Sciences; University of
Ottawa, Ottawa, ON, Canada; “Program for Cancer Therapeutics, Ottawa Hospital Research Institute,
Ottawa, ON, Canada; *Department of Medicine and Biochemistry, University of Ottawa, Ottawa, ON,
Canada; *Department of Microbiology and Immunology, University of Ottawa, Ottawa, ON, Canada;
"Brain and Mind Research Institute, University of Ottawa; Ottawa, ON, Canada.

Note: only sections of supporting information relevant to this thesis are copied here. For full SI, see online

version of this manuscript (https://doi.org/10.2967/jnumed.123.266905).
Tracing of [U*C]-fructose metabolism in vitro.

Human hepatocellular carcinoma cells (HepG2) were grown in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1% penicillin-
streptomycin (P/S) until 80% confluent under cell culture conditions (37°C, 5% CO-, humidified), at which
point they were passaged. Cells were passaged three times before being seeded in to a 6-well plate and
grown until 80% confluent. Supplemented media was aspirated and replaced with lactated Ringer’s buffer
(LRB) alone or containing 25 mM [U'*C]-1-FDF, [U'*C]-4-FDF, or [U'*C]-6-FDF. Cells were incubated
under cell culture conditions for 0, 15, 30, or 60 min. Following incubation, the plates were placed on ice
and wells were aspirated. Wells were washed three times with ice-cold ammonium formate buffer (150 mM,

pH 7.4) to remove unbound probe. A chilled (-20°C) solution of 1:1 methanol:water was added to the wells
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and cells were scraped off of the wells into the solution. This solution was collected into bead-beater tubes

containing 6 beads and stored at -80°C until further analysis was performed.

Levels of fructose metabolites were assessed by liquid chromatography mass spectrometry (LC-MS).
Sample temperature was maintained on ice or dry ice where possible, and all solvents were MS grade and

pre-equilibrated to -20°C.

Metabolite extraction. Cell pellets were collected to a pre-chilled 2 mL tube containing 6 washed ceramic
beads (1.4 mm). 380 ul of methanol:water (1:1) added in the tube and kept in -80 °C until the day of
metabolite extraction. On the day of extraction, samples were vortexed for 10 s and cell lysis was done by
beating for 60 s at 2000 rpm (bead beating was done twice) after adding 220 pL of acetonitrile. Samples
were then incubated with a 2:1 dichloromethane:water solution on ice for 10 minutes. The polar and non-
polar phases were separated by centrifugation at 4000 g for 10 minutes at 1 °C. The resulting upper phase,
consisting of polar metabolites was dried with a refrigerated (-4 °C) centrivap concentrator (Labconco) and

stored at -80 °C before LC-MS analyses.

LC-MS metabolite quantification. Samples to be injected in -ESI were re-suspended with 75% acetonitrile,
cleared by centrifugation and run on an Agilent 6545B Q-TOF mass spectrometer equipped with a 1290
Infinity II ultra-high performance LC (Agilent Technologies). Continuous internal mass calibration was
executed using signals from purine [12,000 full width at half maximum (FWHM) resolution] and hexakis
(1H, 1H, 3H-tetrafluoropropoxy) phosphazine (24,000 FWHM resolution). All study samples were
randomized before analysis and run using both high and low pH hydrophilic interaction chromatography
(HILIC-Z) in negative ionization mode. HILIC separation was obtained using the Poroshell 120 HILIC-Z
column (2.1 100 mm, 2.7 mm; Agilent) and corresponding guard column. The chromatographic conditions
and mass spectrometry acquisition parameters are described elsewhere (see 10.1523/ENEURO.0292-

20.2021). Metabolite identification was confirmed by exact mass, retention time and subsequent MS/MS
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fragmentation for where standards are available. For the fluoro-fructose labelled metabolites, exact mass

and MS/MS was considered for metabolites confirmation.

Supporting Data
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Figure S6.1. TACs for PET/CT of HepG2 xenograft-baring mice after ['F]4-FDF (top), ['*F]6-FDF

(middle), ["*F]FDG (bottom) PET/CT imaging. Solid line = mean; Shaded region = standard deviation.
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Chapter 7: Small animal multisubject PET/CT workflow

Alexia Kirby*® and Adam Shuhendler®"*
*Department of Biology, University of Ottawa, Ottawa, Canada
"University of Ottawa Heart Institute, Ottawa, Canada

‘Department of Chemistry and Biomolecular Sciences, University of Ottawa, Ottawa, Canada

207



7.1. Introduction to the Methods Article Presented Within this Chapter

In this chapter, I present the methodology for the simultaneous imaging of multiple mice by PET/CT. The
combination of PET/CT allows for sensitive molecular imaging with anatomical reference in an efficient
manner. Included is an example of PET imaging of a mouse model of liver toxicity from acetaminophen

overdose using our aldehyde-binding PET probe described in Chapter 4 of this thesis.

7.2.  Author Contributions
AK and AS developed the method described in this article. AK conceptualized and performed experiments

and wrote the manuscript.

7.3. Copyright
Reproduced with permission from Springer Nature: Kirby, Alexia, and Adam J. Shuhendler. "Small Animal
Multisubject PET/CT Workflow." Positron Emission Tomography: Methods and Protocols. New York, NY:

Springer US, 2023. 185-193.

7.4.  Abstract

Positron emission tomography (PET) is a highly sensitive molecular imaging technique that uses
radioactive tracers to map molecular and metabolic processes in living animals. PET can be performed as
a stand-alone modality, but is often combined with CT to provide for objective anatomical localization of
PET signals in a multimodality approach. In order to outline the general approach to evaluating four mice
simultaneously by dynamic PET imaging, the use of the aldehyde-targeted radiotracer [18F]NA3BF3 in
mouse models of hepatotoxicity will be described. Indeed the production of aldehydes is upregulated in a
wide range of disease and injury, making them a suitable biomarker for PET imaging of numerous

pathologies.

7.5.  Introduction
PET is an important preclinical molecular imaging technique that uses radionuclide-labelled molecules to

non-invasively map biological processes of interest with high sensitivity and in three-dimensions. While

208



PET imaging is an important clinical tool, it is also a powerful pre-clinical technique that not only leads to
the development of clinical tracers, but is also used for longitudinal studies in animal models to better
understand certain biological processes. While PET provides high sensitivity information about the
localization of radiotracers, it does not provide anatomical information about the subject under study. As a
result, PET is often combined with computed tomography (CT), an X-ray-based imaging technique that can
generate high resolution images of subject anatomy. This multimodality approach is invaluable for the
objective quantitation of radiotracer uptake in tissues and pathologies with a high degree of spatial certainty

and accuracy.

In vivo aldehydes are produced and maintained by tightly regulated mechanisms . Disruption of these
mechanisms often results in an increase of aldehyde production, creating a tissue environment with high
aldehydic load 2. This increase in aldehydic load often underlies the early stages of many pathologies
including cancer, cardiovascular disease, and acutely following injury *%. These aldehydes are highly
reactive and quickly form adducts with DNA and proteins, which may contribute to the propagation of
injury and disease. The diversity of aldehydes with pathogenic potential supports the need for in vivo

imaging of aldehydes.

A radiotracer designed to measure aldehydic load is unlike the most common radiotracer, 2-deoxy-2-
['*F]fluoro D-glucose (FDG), in that it does not act as a metabolic surrogate. FDG is taken up by glucose
transporters, phosphorylated, and subsequently trapped intracellularly, and therefore maps aerobic
metabolism. Imaging in vivo aldehydes, however, is more efficient through a substrate-binding mechanism
rather than a surrogate mechanism. For a PET radiotracer to work effectively to map aldehydes, the reaction
must occur rapidly, without a catalyst, under physiological conditions, and stick to the location where the

substrate was bound.

Two radiotracers have been developed for this technique: ®*Ga-NODAGA-Indole ’; and '*F-NA;BF; ®. The
former is an allysine-reactive probe that binds to converted lysine residues of oxidized collagen in fibrotic
lung tissue. '®F-NA;BF; is an anthranilic acid-based probe that reacts with both intra- and extracellular
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aldehydes to form hydrazones. This tracer represents a first-generation aldehyde PET tracer that can be

used to map whole-body in vivo aldehydic load.

Here, aldehyde PET imaging with '*F-NA;BFj is described in a mouse model of acetaminophen overdose-

induced hepatotoxicity. The model involves a single, same-day injection of acetaminophen, which induces

lipid peroxidation and aldehyde production especially in the liver, and has been shown to cause an increase

in aldehydic load. The goal of the method is to quantitatively map the in vivo aldehydic load in mice over

time and across acetaminophen doses using ['*F]-NA;BF;-PET.

7.6. Materials

7.6.1. PET/CT scanner preparation

L.

Small animal PET/CT scanner with heater, and integrated animal monitoring system for
respiration and temperature
Computer station with associated software

Multi-mouse imaging bed (See Note 1)

7.6.2. Animal Preparation

1.

2.

8.

9.

Personal protective equipment (PPE, including but not limited to gloves and lab coat)
Acetaminophen-injected or sham injected mice

Absorbent pads

Heat lamp

Water pump heating mat

Isoflurane system directed to either induction box or nose cone

Isoflurane scavenging system

Oxygen tank

Small animal anesthesia induction box

10. Preparation table with nose cone

11. 27G or 30G 13mm needles
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7.6.3.

7.6.4.

7.7.

7.7.1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Polyethylene tubing

0.9% saline solution

Isopropyl alcohol swabs

Iml syringes

Needle forceps

Paper tape (3M micropore)
Surgical plastic tape (3M transpore)
Topical skin adhesive (vetbond)

Eye gel

Radiotracer preparation and animal injection

L.

2.

[ F]NA;BFj; or other non-metabolic PET radiotracer

Lead-lined radioisotope workstation with plexiglass shield (see Note 2)
Contamination monitor (Geiger counter)

0.9% saline solution

Iml syringes

27G needles

Dose calibrator (Capintec)

Image analysis

1.

Image analysis software (Vivoquant)

Methods

PET/CT scanner preparation

1.

2.

PET/CT calibration should be performed on a regular schedule based on manufacturer’s

instructions prior to beginning an imaging study

If CT is to be used, X-ray tube conditioning of the CT scanner should be performed at least 30

minutes prior to receiving radiotracer
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3. Heat imaging bed to 37°C

4. Prepare respiration monitor and rectal temperature probe on PET bed

7.7.2.  Animal Preparation

1.

Create a sterile environment by wiping area with disinfecting spray and placing absorbent
padding on bench. Lay out all materials needed to prepare the animals for cannulation
Prepare one tail vain cannula per mouse (Figure 7.1). Cut a length of polyethylene tubing long
enough to allow access when animals are centered in PET scanner (approx. 10-15cm for most
scanners). Remove a 27G or 30G needle from its hub by breaking the plastic with needle
forceps, and secure the blunt end into one end of the tubing. Draw 500 pL saline with a needle
attached to a ImL syringe, and secure onto the other end of the tube. Push the syringe until the
saline exits from the needle end of the cannula, and take note of the volume pushed through.
Ensure there are no air bubbles anywhere in the line.

Place mouse in induction box on heating pad with 3% isoflurane at 1.5-2 L/min

When mouse anesthetized (unresponsive to touch), remove from box and place head in nose
cone on prep table on heating pad.

Apply eye gel to the eyes.

Place mouse on its side to expose lateral tail vein. The vein will be more difficult to see in
strains with darker pigmented tails (e.g. C57bl/6)

Warm tail with heat lamp, taking care not to burn the tail (see Note 3)

Wipe the tail with an alcohol swab.

Cannula insertion should be attempted toward the distal end of the tail, with following attempts
moving more proximal. In the non-dominant hand, either hold the tail between the thumb and
index finger, or weave the tail under the forefinger, under the third and fourth, and over the

fifth finger (Figure 7.1A). Bend the tail slightly to expose an area for cannulation. Insert the
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10.

11.

12.

13.

14.

15.

16.

17.

needle of the cannula into the lateral tail vein at a ~5° angle to the tail, ensuring at least half
(>6.5mm) of the needle is in the vein (Figure 7.1B, C).

Verify the cannula is in the vein by pushing on the syringe. The vein will visibly flush with
saline, and the plunger will have no resistance. If the needle is not in place, the syringe will be
difficult to push, and the tail will blanche at needle insertion site.

Add one drop of skin adhesive where the needle meets the tail and allow to dry for 30 seconds.
Secure the cannula with paper tape (Figure 7.1D).

Turn on isoflurane to PET/CT bed to 2%.

Move the mouse over to the PET/CT bed, with the mouse in one hand and syringe in the other
to avoid displacing the cannula. Place the mouse in a prone position.

Secure the body of the mouse, tail, and cannula with tape, and ensure the cannula is in place
by pushing the plunger of the syringe. This will ensure proper injection of the radiotracer. Insert
rectal temperature probe and secure with tape.

Verify that temperature and respiration monitors are working and within range. Respiration
rate should be maintained at 60-100 breaths per minute, which can be adjusted by increasing
or decreasing isoflurane. Body temperature should be maintained at 35-37°C.

Note the position of each mouse in the imaging bed, and ensure the bed is aligned with the
imaging field of view (FOV) of the scanner. The specific method for FOV centering will
change depending on the vendor. Ensure both PET and CT FOVs are adequate for region of

interest of imaging (i.e. whole mouse, head only, abdomen only).
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Fig 7.1. Animal preparation for PET scan. Before the radiotracer is received, mice are prepared for
injection. (A) The lateral tail vein is located and dilated with a heat lamp in a C56Bl/6 mouse (left) and
nu/nu mouse (right). (B) Successful placement of the needle of the cannula is shown in both mice, after
insertion at a ~5° angle to the tail (C). (D) The animals are moved to the PET bed and tape is placed to

secure the bodies of the mice, the tails, and the cannulas.
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7.7.3. Radiotracer preparation

L.

Synthesize radiotracer as previously described. Due to the short half-life of '*F, the subsequent
steps need to be done quickly.

Radiotracer dose preparation is performed behind lead shield, with one dose prepared for each
animal in the immediately following scan.

Measure the total radioactivity obtained in the dose calibrator. Note the time of this
measurement to account for decay.

Dilute stock radiotracer to ~200 pCi/100 pL. If more than one round of imaging will be done
with the same stock, only dilute a portion of the stock.

Draw up 150-200 pCi of activity per mouse with 27G insulin syringes, ensuring the volume is
a maximum of 10 mL/kg per mouse. If multiple mice are being scanned, mark each syringe
with a number corresponding to each mouse ID. Measure each syringe in the dose calibrator
and note the activity and time for each syringe.

When all doses have been prepared, place in a lead carrier and bring to PET/CT animal bed or

cradle.

7.7.4. Injection and scanning

1.

Attach the radiotracer dose to the tail vein cannula. With a pair of forceps, grasp the end of the
cannula and remove the syringe and needle containing saline and place to the side. Carefully
insert the needle of the tracer-containing syringe into the cannula. Repeat for all mice.

The scan types should be selected and placed in queue. For PET/CT, select the PET scan
program desired (e.g. static scan of a given time frame, dynamic scan with pre-set imaging
bins) as well as the CT program necessary (see Note 4). Importantly, for dynamic scans, an
initial 15-30 sec bin should be included to allow delay between scan program initiation and

radiotracer injection. This is key for accurate kinetic analyses.
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3. On the instrument control station, start the scan and timer simultaneously

4. After the delay set in the first bin of a dynamic scan has passed (15 or 30 seconds), inject the
radiotracer over a period of 3-5 seconds.

5. Replace the empty radiotracer syringes with the saline-filled syringes and inject enough volume
to simultaneously flush all of the cannulae (~50-100 pL) with saline.

6. Measure the residual radioactivity in each radiotracer syringe and note the time.

7. Monitor respiration rate carefully during the scan, and adjust isoflurane if necessary.

8. Ifanother PET/CT scan is to be performed afterwards, use this time to set up for the next scan.
Mice can be cannulated and doses can be drawn toward the end of the first scan.

9. When imaging is complete, remove all tape securing the cannula to the bed and the tail. Pinch
the injection site on the with gauze while removing the needle to stop bleeding. Place mouse
back in cage on heating pad to recover. The mice should be held in a designated area behind a

lead shield overnight or until ready to replace back in housing room, depending on the facility.

7.7.5. Image reconstruction
1. Depending on the vendor there will be a variety of image reconstruction algorithms to choose
from. Reconstruction algorithm choice will depend on a balance of resolution, time, and
quantitative accuracy required, and should be evaluated in a pilot fashion.
2. Reconstruction will necessarily involve data about photon attenuation derived from the CT or

an attenuation scan if PET-only imaging is performed.

7.7.6. Image analysis
1. The specific workflow for image analysis will depend on the tissue/organ of interest and the
disease model utilized, as well as the software package chosen for analysis.
2. For multi-animal scans, each animal should be cropped from the image and analyzed separately
so that precise injected dose can be input into time-activity curves, or use for radiotracer uptake

(either as % injected dose per gram or summed uptake value).
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3. Output images should include a standardized scale range and scale unit (either as % injected

dose per gram or summed uptake value) to afford comparison across individuals between

treatment groups (Figure 7.2).

APAP +1hr APAP +3hr
Control 300mg/kg 75mg/kg 300mg/kg 75mg/kg

*«—Gb

0
%1.D./g

{Z 30-45min)

SELDIE]

Fig 7.2. Distribution of ['*F]-NA;BF; in mice following acetaminophen dosing by PET imaging. Mice
were untreated (left-most), or given an overdose (300 mg/kg) or therapeutic dose (75 mg/kg) acetaminophen

i.p., and imaged 1 or 3 hr after administration. Images are summed from the time activity curves from 30-

45 min after PET scan initiation.
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7.8.

10.

11.

Notes

Multi-mouse beds are commonly provided by the PET/CT instrument manufacturers and are
supplied with anesthesia and heating with proprietary adaptors. If this is not the case, a multi-mouse
bed can be 3-D printed, however heating and the equal distribution of anesthesia to all positions
must be tested prior to implementation on live animals.

Use of radioisotopes and radiotracers should comply with institutional and Federal policies for the
safe use of radioactivity.

Keeping one hand next to mouse under heat lamp will ensure heating does not result in burn.

CT program for single mouse and multimouse will be different with different total deposited dose.
These programs can be found pre-programmed on most scanners and should be evaluated prior to
use.

Unlike in metabolism-based imaging (eg FDGQG), animals do not need to be fasted overnight to image
aldehydes.

BF-NA;BF; does not cross the blood brain barrier and therefore cannot be used for aldehydes
imaging in brain tissue.

Animals should always be warmed while under general anaesthesia, as they cannot regulate their
body temperature. The effect of body temperature on '*F-NA;BF; distribution is unknown, but
animals should be kept at 37°C for animal welfare.

F18-labelled radiotracers have a half-life of 109.7 minutes, which makes it possible to perform
multiple scans in a day if the production yield is good.

Always be sure to choose an appropriate mouse model for the pathology of interest.

Dynamic scans are recommended for novel radiotracers as the optimal time with peak uptake will
be unknown. A dynamic scan will capture the tracer’s entry into the blood stream and
biodistribution, as well as clearance (hepatic or urinary).

Position the area of interest (e.g. tumour, organ) to the centre of the PET camera where the
sensitivity and resolution are highest.
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8.1. Introduction to the Research Article Presented Within this Chapter

The experiments conducted in this chapter were a collaboration with a pharmaceutical company, Qu
Biologics (Vancouver, BC, Canada). Qu Biologics develops biological therapeutics designed to restore the
innate immune response of patients with autoimmune disorders or cancer. The therapeutics are termed Site
Specific Immunomodulators (SSIs), which contain all the macromolecules of inactivated bacteria. The
bacteria from which the SSIs are produced are most commonly found in the target organ of disease. For
example, the SSI designed for lung cancer and asthma is derived from Klebsiella Pneumoniae (k.
pneumoniea), the bacteria that commonly causes pneumonia. The SSI designed for ulcerative colitis and
inflammatory bowel disease is Escherichia Coli (E. coli), an enteropathic bacteria of the gut. While these
therapies were in Phase I/II clinical trials when this project was initiated, the full mechanism of action of
SSIs was mostly unknown. Our approach was to radiolabel these compounds with a long half-life isotope,

administer them to healthy mice, and track the biodistribution non-invasively by PET.

8.2. Author Contributions
AK., M.S., M.B., SKK. and A.J.S. conceptualized the study. M.S., D.D., and A.J.S. performed chemistry
experiments. A.K. and A.J.S. performed all animal experiments, data analysis, and wrote the manuscript.

All authors reviewed and approved the final version of the manuscript.

8.3. Copyright
Reproduced from Ref. Nuclear Medicine and Biology (2024): 108908.

https://doi.org/10.1016/j.nucmedbio.2024.108908

8.4.  Abstract

Introduction: Site-specific immunomodulators (SSIs) are a novel class of therapeutics made from
inactivated bacterial species designed to regulate the innate immune system in targeted organs. QBECO is
a gut-targeted SSI that is being advanced clinically to treat and/or prevent inflammatory bowel disease,
cancer, and serious infections of the gastrointestinal (GI) tract and proximal organs, and QBKPN is a lung-
targeted SSI that is in clinical development for the treatment and/or prevention of chronic inflammatory
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lung disease, lung cancers and respiratory tract infections. While these SSIs have demonstrated both safety
and proof-of-concept in preclinical and clinical studies, detailed understanding of their trafficking and

biodistribution is yet to be fully characterized.

Methods: QBECO and QBKPN were radiolabeled with [¥Zr] and injected subcutaneously into healthy
mice. The mice underwent Positron Emission Tomography (PET) imaging every day for eight days to track
biodistribution of the SSIs. Tissue from the site of injection was collected and immunohistologically probed

for immune cell infiltration.

Results: Differential biodistribution of the two SSIs was seen, adhering to their site-specific targeting.
QBKPN appeared to migrate from the site of injection (abdomen) to the cervical lymph nodes which are
nearer to the respiratory tract and lungs. QBECO remained in the abdominal region, with lymphatic
trafficking to the inguinal lymph nodes, which are nearer to GI-proximal tissues/organs. Immune infiltration

at the site of injection comprised of neutrophils for both SSIs, and macrophages for only QBKPN.

Conclusion: Radiolabeling of SSIs allows for longitudinal in vivo imaging of biodistribution and
trafficking. PET imaging revealed differential biodistribution of the SSIs based on the organotropism of the
bacteria from which the SSI is derived. Trafficking from the site of injection to the targeted site is in part

mediated via the lymphatics and involves macrophages and neutrophils.
Key words: PET imaging, °Zr, biodistribution, immunomodulation

Abbreviations: SSI= Site Specific Inmunomodulator; GI= gastrointestinal; CLN= cervical lymph node;

ILN= inguinal lymph node

223



8.5. Introduction
Since the 1800s, spontaneous tumor remission has been observed in some patients experiencing acute
microbial infections'*. Recent studies have also demonstrated successful bacteria-induced immune

>-11 While these results are

stimulation for anti-cancer therapy and reduction of post-operative infection
intriguing as alternatives to drug-based therapeutics, these treatments rely on intra-tumoral administration
of live bacteria, limiting the clinical applications to those with accessible and/or susceptible tumors, and
posing significant potential risks'?>. While these studies establish the immune-stimulatory effects of
bacteria, limited disease accessibility, poor ability to control and target the treatment, and the potential

safety risks of using live opportunistic pathogens, have prevented broad clinical adoption of such

immunotherapies.

To harness the broad curative potential of innate immunomodulation while overcoming the limitations of
introducing live bacteria into patients, Site-Specific Immunomodulators (SSIs) have been developed. SSIs
are a first-in-class immunotherapy derived from specific species of bacteria designed to mobilize, train and
target the innate immune system in an organ-specific manner. These immunomodulators work by
reestablishing a balanced immune response through immune restoration by enhancing immune resiliency
in specific sites in the body affected by disease, ultimately regulating the immune response to reduce
unproductive inflammation and tissue damage. In this manner, SSIs are distinct from other
immunosuppressive therapies, which broadly suppress immune function by blocking specific immune
pathways. Instead, the SSIs offer the advantage of targeting the immune response to active disease sites,
restore immune and barrier function, and avoid the associated side effects of immunotherapies that force

activation or suppression of important immune signaling pathways.

Investigations '>!4

of humoral and tissue immune components and associated signaling regimes has led to
the identification of the putative mechanism of SSI function (Fig. 8.1A)". The administration of SSIs

induces a broad production of immune cell expansion, a process known as emergency hematopoesis,

dominated by bone marrow myelopoiesis through the expansion of lineage-negative hematopoietic stem
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cells (c-kit*Sca"), ultimately increasing organ-specific trained monocyte and neutrophil populations. The
organ specificity is governed by organ-specific chemokine release from the organ-site where the bacteria
from which the SSI is formulated is endogenous and a common potential cause of infection. The enriched
monocyte population exhibit a “trained” phenotype (Ly6C™) due to transcriptional reprogramming within
the bone marrow matching that seen following microbial stimulation'®, and showing enhanced functional
response upon immune challenge. These “trained” monocytes are then recruited to SSI-directed tissues
through treatment induced CCL2/CCLS5 chemokine gradients, ultimately increasing M1 macrophage and
activated natural killer (NK) cell recruitment. In lung cancer models, the reduction of lung tumor burden
was shown to be dependent on NKG2D receptor mediated through the upregulation of Rae-1, the ligand
of the NKG2D receptor, on cancer cells, which resulted in making them more visible to immune

surveillance'*.

A Known: Mechanism of Action B Unknown: Mechanism of
Site-Specific Effect

3.Immune Recruitment
to Site of Disease

* Where do SSI go?

* What innate
immune cells do
they interact with?

2. Chemokine

Gradient
(CCL2, CCL5, etc.)|

<

QBKPN (s.c.) -, \|* How do they
.. 5y | reprogram innate
1. Myslopolesis \ ¢ : immune cells to
HsCc mpep3s | / .(, ( “ - A ‘ / fight cancer?
Ly6CH!
Monocyte
ti-1

Figure 8.1. The current state of what is known (A) and unknown (B) about the mechanism of action

of SSIs. (A) Myelopoiesis in the bone is stimulated by SSIs, and monocytes are recruited to target tissue by
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chemokines, increasing macrophage (Mf) and NK cell numbers. (B) The fate of SSIs post-injection remains

unknown.

SSIs are a first-in-class immunotherapy platform being developed by Qu Biologics that uses inactivated
derivatives of a single species of bacteria that retain all of the major macromolecular components of the
organism that allows its recognition by the immune system (Fig. 8.2A). The site of immunomodulation can
be tuned by deriving the SSI from bacteria that are a common cause of infection in the organ targeted for
therapeutic intervention'>. Therefore, SSIs do not need to be introduced at the disease site, but rather it has
been demonstrated that they can be administered subcutaneously to activate an immune response in an

organ-specific manner'>!71?,

QBECO is an SSI derived from components of inactivated enteropathogenic Escherichia coli (E. coli),
which targets the gastrointestinal tract and colon. QBECO has been shown to improve histological score,
reduce T-cell infiltration, and decrease neutrophil numbers in the colon of mouse models of ulcerative colitis
(UC)?. UC is characterized by mucosal inflammation of the colon, which, without treatment, can develop
into inflammation of the entire large bowel and lead to an increased risk of colon cancer?!'2. All current
treatment strategies involve immunosuppression, however 65-80% of patients do not experience a full
remission, and 40-55% of patients have no response to therapy*. With this current lack of safe and effective

treatments for UC, there is a recognized clinical need for new treatment strategies.

QBKPN is an SSI derived from inactivated Klebsiella pneumoniae (K. pneumoniae) related species,
targeting immune stimulation to the lungs. QBKPN has shown promising anti-cancer effects in pre-clinical
models of lung cancer, resulting from an increase in activated NK cells and polarized macrophages in the
lungs'* (Fig. 8.1A). Significant heterogeneity with regards to drug resistance in lung cancer complicates
the selection of therapy, and necessitates the development of strategies that can overcome the diversity of
multidrug resistance phenotypes associated with lung cancer?*. While there has been a reduction in lung
cancer mortality over the last decade due to advances in clinical detection and therapeutic strategies®, the
persistence of high treatment failure rates and high mortality rates associated with lung cancer today clearly
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identifies a clinical need for alternative treatment strategies to increase cure rates. QBKPN has also shown

proof-of-principle for the treatment of inflammatory lung diseases and respiratory infections!>!7-1%,

As summarized above, the immune modulatory effects of QBECO and QBKPN have been characterized
and have shown broad pre-clinical and clinical efficacy in cancer, chronic inflammatory diseases, and
infection. However, the biodistribution and trafficking governing the SSI’s signal relay from the site of
injection to the sites of immunostimulation still require elucidation (Fig. 8.1B). In this study, the

biodistribution and associated trafficking mechanisms of two SSIs, QBECO and QBKPN were investigated.

8.6. Methods

8.6.1. SSI radiolabeling and evaluation

SSI products comprising QBECO and QBKPN (obtained from Qu Biologics, BC, Canada) were
radiolabeled with 3°Zr using a standard protocol®®. Briefly, isothiocyanate-functionalized desferrioxamine
(DFO-Bn-NCS) was conjugated to the particles forming a thiourea linkage with lysine residues exposed on
the surface (Fig. 8.2B). A volume of 300 uL of QBECO or QBKPN (0.D.600= 5 absorbance units) were
centrifuged and the supernatant discarded. Pellets were resuspended in 200 uL of 0.2M Borate buffer (pH
8.5), and 0.4 pmol of DFO-Bn-NCS was added while stirring and incubated for 90 min at room temperature
for the reaction to occur. Particles were washed three-times with PBS and suspended to a final volume of
300 uL. Once conjugated, approximately 37 MBq of Na,CO;-neutralized [*Zr]Zr oxalate was added to the
SSI suspension and stirred for 60 min at room temperature. The SSIs were washed twice in PBS and
resuspended in 300 uL PBS. The obtained radiochemical yields of [¥Zr]Zr-DFO-labelled SSI were 92+2%
for QBECO and 89+5% for QBKPN (n=3 preparations each). Radiochemical purity was evaluated by thin
layer chromatography using standard aluminum-backed silica plates and 0.1 M citrate (pH 6.0) as mobile

phase ?’. Radio-TLC plates were scanned and quantified using an AR-2000 Imaging Scanner (Bioscan Inc.).
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8.6.2. Animals

All procedures for animal experimentation were conducted under Animal Use Protocol SCe-4019 approved
by the IACUC at the University of Ottawa. Mice were housed under 12 hr light/dark cycle, and ambient
temperature of 20-24°C and 45 to 65% humidity. All mice were provided access to food (Rodent Laboratory

Chow) and water ad libitum.

8.6.3. Short-term biodistribution studies

Balb/c mice received a single subcutaneous (s.c.) injection of [¥Zr]Zr-QBECO or [*Zr]Zr-QBKPN
(~1.85MBgq) in the left abdominal region (n = 5 per SSI). Mice were secured into a plastic sled to prevent
body movement when transferring between PET and MRI. The mice underwent PET imaging (Inveon
DPET, Siemens) at 45 min, 2 h, and 3 h post-injection, followed by a T;-weighted RARE image with
parameters of slice thickness of 5 mm, FOV of 40 * 40 mm, averages = 3, matrix size = 96 ~ 96, TEcs= 11
ms, echo spacing = 7 ms, TR = 720 ms at 3.0 T on a small animal MRI (MR solutions) for anatomical
reference. Mice were then euthanized by cervical dislocation and thoracotomy under anesthesia (isoflurane,
5%), and organs were collected and weighed. Radioactivity of organs was measured using a gamma
spectrometer (Wallac 2480 Wizard, Perkin Elmer). Tissue uptake values were calculated as percentage-

injected dose per gram tissue (%ID/g).

8.6.4. Long-term biodistribution studies

Healthy Balb/c mice (n = 4 per SSI) received a s.c. injection (1.85MBq) of either [*Zr]QBECO (upper
abdomen), or [¥Zr]QBKPN (lower abdomen). The mice were imaged by PET at 4 h post-injection, and
every 24 h for 8 days. Mice in the two-dose study received a dose of unlabeled SSI 48 h before s.c. injection

of the radiolabeled SSI, followed by PET imaging at the same time points (n = 4 per SSI).

Data analysis was performed on Vivoquant (Invicro). PET data are collected by 10 min static scan and are
attenuation correction. Volumes of interest were drawn on kidneys and lymph nodes, and data are presented

as %ID/g.
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8.6.5. Histology

Upon completion of the imaging studies at day eight post-injection, a small area of tissue (~2 cm x 2 cm)
around the injection site was collected. In all cases, a small nodule (~0.5 cm) was present within the
injection site. The tissue was placed in formalin overnight for fixation, embedded in paraffin and sliced on
a microtome. The sections were stained with either hematoxylin and eosin (H&E), picrosirius red (PSR),
or immunohistologically probed with anti-NMP-R14 (Abcam ab2557), or anti-CD68 (BioRad MCA1957)

for identification of neutrophils and macrophages/monocytes, respectively.

8.6.6. Statistical analyses
Tissue distribution data were analyzed by 2-way ANOVA with repeated measures analysis using Prism
(GraphPad Inc.), and time-course data were analyzed by generalized linear model repeated measures

analysis using SPSS (IBM).
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8.7. Results
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[¥Zr]. (A) SSIs are formulated from bacteria that are common endogenous causes of infection in a targeted
organ (gut or lungs). (B) SSIs conjugated to isothiocyanate-functionalized desferrioxamine (DFO) forming
a thiourea linkage and radiolabeled with [¥Zr]Zr oxalate. (C) RadioTLCs of unchelated [*Zr]Zr oxalate
and SSIs +/- DFO revealed successful radiolabeling of DFO-SSIs with good radiochemical yield (RCY)

and stability of the radiolabeled SSIs was demonstrated after incubation with mouse serum for 48 h.

The radiolabeling of DFO-labelled SSIs by [¥Zr]Zr oxalate was accomplished through standard thiourea
formation chemistry (Fig. 8.2B), and the chelation of neutralized radiometal. RadioTLC results supports
successful radiolabeling, where native SSI (i.e. not bound to DFO) resulted in the majority of [¥Zr]Zr

remaining unbound (rf @ 0.6 cm), but DFO-bound SSI trapped [**Zr]Zr near the baseline (rf @ 0.1 cm) for
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both QBECO and QBKPN (Fig. 8.2C). Total radiochemical yields were acceptable at 92+2% and 89+5%
for QBECO and QBKPN, respectively. Importantly, both formulations of radiolabeled SSIs were found to
be stable over 48 h in mouse serum, where both QBECO and QBKPN retained their radiolabel (>99%
radiochemical purity, Fig. 8.2C). The stability of radiolabeled SSIs in mouse serum suggests that the

biodistribution of radiolabeled SSI can be tracked with high confidence in vivo for an extended period of

time.
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Figure 8.3 High lymph node uptake of [¥Zr]Zr-QBECO and [¥Zr]Zr-QBKPN suggests early
immune modulation. (A) Mice were injected subcutaneously with either [3°Zr]Zr-QBECO or [¥Zr]Zr-
QBKPN, followed by PET imaging at indicated times post-injection. At 4 h post-injection, sequential T;-
weighted MRI was also performed for anatomical reference. White arrows indicate signal accumulation
due to SSI migration from injection site. (B) Tissues were collected, and radioactivity was quantified as

injected dose per tissue using a gamma counter. Data are shown as mean+s.d. of n = 5 mice.
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With the experimental support for stable SSI radiolabeling, the short-term (<4 h) in vivo biodistribution of
QBECO and QBKPN in healthy animals was evaluated (Fig. 8.3A). Mice were injected s.c. with either
[¥Zr]Zr-QBECO or [**Zr]Zr-QBKPN, and the SSIs were tracked by PET imaging followed by the resection
of tissues at 4 h post-injection. PET/MRI reveals the differential migration of radiolabelled SSI from the
site of injection to lymph nodes from 2-4 h post-injection, with QBECO migrating to the inguinal lymph
node only while QBKPN exhibits inguinal lymph node as well as rostral migration (Fig. 8.3A). The site-
specific and differential migration of QBECO and QBKPN match the site-specificity of their demonstrated
therapeutic effects, with QBECO treating disease of the gut!* and QBKPN treating lung disease'*. The
biodistribution at 4 h post-injection was confirmed with gamma counting of resected tissues, which
supported the imaging-based uptake in the ipsilateral inguinal lymph node (Fig. 8.3B). Importantly, the lack

of bone uptake further supported the stability of the [**Zr]Zr-SSI chelates in vivo.
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We next set out to evaluate the long-term distribution of SSI after single s.c. administration, which was
afforded by the long half-life of ¥Zr (3.3 days; Fig. 8.4). Following an s.c. injection of 1.85MBq of [**Zr]Zr-
QBECO or [¥Zr]Zr-QBKPN, mice were imaged by PET at time points of 30 min, 4 h, 24 h, and every
subsequent 24 h for 8 days following injection. Just as observed in the short-term biodistribution study (Fig.
8.3A), a differential biodistribution between QBECO and QBKPN was noted up to 8 days post-injection
(Fig. 8.4). QBKPN, the lung-targeted treatment, was observed to travel from the site of injection to the
kidneys, thoracic cavity, and cervical lymph nodes by 24 h post-injection. Conversely, QBECO, the G.I.-
targeted treatment, remained largely in the abdominal region for the duration of the study, appearing briefly
in the cervical lymph nodes 4-5 days post-injection. In order to evaluate possible trafficking routes, animals
were exsanguinated at 4 h, 48 h, 120 h, and 192 h after injection of radiolabelled SSIs, and radioactivity
was quantified using a gamma counter. Negligible radioactivity was found in the blood (data not shown),

suggesting a trafficking mechanism primarily outside of the blood circulation.
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Figure 8.4. Long-term PET imaging after single dose of [¥Zr]Zr-SSI reveals differential
biodistribution. Healthy mice were given a subcutaneous injection of 1.85MBq of radiolabeled SSIs.
Representative PET images of two mice over time after single subcutaneous with (top) [*Zr]Zr-QBKPN, a
lung-targeted SSI, or (bottom) [¥Zr]Zr-QBECO, a gut-targeted SSI. Injection sites were chosen to minimize
area of injection signal on targeted tissues. Mice underwent 10min static PET scans at indicated time points

post-injection. Maximum intensity projections are shown as %ID/g.

234



A second long-term in vivo study was conducted in mice to evaluate the effect of repeated SSI injections
on biodistribution, where mice received a primary, unlabeled dose of SSI prior to inoculation with a
radiolabeled dose (Fig. 8.5). In clinical and pre-clinical trials, QBKPN and QBECO are administered

subcutaneously every other day for the treatment of cancer and chronic diseases !>

, justifying the need to
evaluate repeated administration on SSI disposition. It is important to note, the SSIs are not administered
at or near the previous injection site, and test subjects are instructed to rotate the site of injection to different
areas of the body. PET imaging over 8 days revealed a marked decrease in SSI migration away from the
injection site for both QBECO and QBKPN in mice that received two doses compared to those receiving a
single dose (Fig. 8.5A). With a single injection, the labelled QBKPN travelled upward toward the thoracic
cavity of the mice with the peak activity in the cervical lymph nodes appearing at 144 h post-injection. In
comparison, the second injection of QBKPN appeared to have a delayed onset of distribution, with peak
cervical lymph node uptake at 192 h post-injection. Furthermore, there was significantly more
[¥Zr]QBKPN in the kidneys, the primary organ of excretion, from 24 h to 144 h post-injection in the first
dose compared to the second, indicating a delayed clearance of the therapeutic from the injection site (Fig.
8.5B). A similar distribution pattern was observed in the QBECO groups, where the labeled SSI was moved

from the site of injection to lymph nodes and kidneys faster in with first injection of SSI as compared to the

second.
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Figure 8.5. Biodistribution of SSIs after one vs two injections. (A) PET images of mice 96 h post-
[#Zr]Zr-SSI injection. Mice either received one 1.85MBq dose of labelled QBKPN or QBECO, or one
unlabeled dose 48 h prior to a second, labeled dose of either SSI. Mice were imaged at time points of 30
min, 4 h, 24 h, and every 24 h for 8 days. Representative images are shown of mice 96 h post-labeled
injection. (B) Uptake of [**Zr]Zr-QBKPN (top) and [*Zr]QBECO (bottom) in kidneys and inguinal (ILN)
and cervical (CLN) lymph nodes of mice after first (black) vs second (purple) injection. Data are shown as
means + standard deviation at time points indicated after labeled SSI injection, n=4 per group. Statistical

significance is denoted as p<0.05 by Generalized Linear Model Repeated Measures analysis.
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Figure 8.6. Histology of nodule formed at site of injection shows invading immune cells. Representative
sections are shown for lesions removed from mice 192 h after [*Zr]Zr-SSI injection. A zoomed region is
displayed to the right of each section. (A) Hemotoxylin and Eosin were used to identify cell composition,
and (B) Picrosirius red was used to identify collagen (red). a-NMP-R 14 and a-CD68 antibodies were used

to visualize infiltration of neutrophils (C) and macrophages (D), respectively, to the injection site.

In order to investigate the cellular response to SSI injection that may contribute to SSI trafficking, we
resected small nodules at the site of SSI injection, which we hypothesized was a local innate response
observed in all mice following administration of either [*Zr]Zr-SSI or unlabeled SSI (Fig. 8.6).
Hematoxylin and Eosin (H&E) staining revealed an infiltration of cells at the site of injection (Fig. 8.6A).
Picrosirius red (PSR) was used to determine whether the nodule was composed of scar tissue, but a lack of

red stain within the nodule revealed collagen was not present in the injection site (Fig. 8.6B). The samples
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were then probed with anti-NMP-R14?® (a neutrophil marker; Fig. 8.6C) and anti-CD68% (a macrophage
marker; Fig. 8.6D) antibodies to determine whether this increase in cell population was composed of innate
immune cells. Neutrophil accumulation at, and infiltration into, the site of injection was noted for both
QBECO and QBKPN. However, the macrophage accumulation and infiltration appeared greater for

QBKPN than was observed for QBECO.

8.8.  Discussion

When pathogens enter the body, innate immune cells are recruited to stop the systemic spread of the
pathogens through the circulatory system, such that bacterial dissemination from the afflicted site to
systemic circulation is rare in healthy individuals®. Depending on the context of infection, the task of innate
immunity is to determine where the source of infection is arising to ensure that it is retained therein and
prevented from spreading. This need initiates rapid immune mobilization to source where in the body the
infective organism detected is most abundantly located and has been seen before. This is critical resource
management by the innate immune system, as it would be ineffective to send the new army of immune cells
being generated in response to infection everywhere. In the case of bacterial dissemination through the
lymphatic system, the lymph nodes serve as a crucial barrier. Pathogens leave the site of injection and are
transported to lymph nodes via the lymphatics. Once at the lymph node, resident macrophages begin to
phagocytose the invading pathogens®!. Neutrophils, present both in the parenchyma of lymph nodes and in
circulation, are also recruited via chemoattractants®? or cytokines®! to capture the pathogens. Together, the
macrophages and neutrophils provide critical protection against these bacterial pathogens reaching systemic
circulation. Subcutaneously injected bacteria reach the lymph node within a few minutes of injection®, and
are quickly captured by resident macrophages®*. Several studies have noted neutrophils swarming
pathogens following administration of mycobacterium?®, Toxoplasma gondii*®, Pseudomonas aeruginosa’',
and Staphylococcus aureus®’, likely to clear both the pathogens themselves and infected macrophages. One

study showed S. aureus, once past the skin barrier, migrates to the draining lymph node only, where is it
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quickly phagocytosed by subcapsular sinus macrophages and neutrophils via high endothelial venules

(HEVs)2.

Based on the data in the current study, the SSIs QBKPN and QBECO behave like bacterial pathogens in
the first 4 hours of subcutaneous administration in healthy individuals, as they were observed to travel to
the draining lymph node via the lymphatics (Fig. 8.3). Negligible amounts of radiolabeled SSI were found
in the blood at multiple timepoints from 4 hours to 192 hours post-administration, however immune cell
infiltration is seen at the site of injection (Fig. 8.6). Interestingly, neutrophils seem to play a major role at
the site of injection for both QBKPN and QBECO (Fig. 8.6C). Whereas macrophages appeared greater in
abundance following QBKPN administration relative to QBECO (Fig. 8.6D). During acute inflammation,
activated macrophages are recruited and release pro-inflammatory mediators to promote efficient

elimination of the insulting agent®®.

Our data support the organ site-specific systemic biodistribution of the SSI previously demonstrated in

141520 'which is dependent on the bacteria from which the SSI is derived (Fig.

preclinical and clinical studies
8.4). The E. coli-derived gut-targeted SSI, QBECO, is seen in the injection site, inguinal lymph nodes, and
kidneys over 8 days following s.c. injection. In all in vivo biodistribution studies (Figs. 3-5), overall
migration of the SSI to regions of interest was higher in QBKPN compared to QBECO groups. This
increased trafficking is likely due to the activity of macrophages on QBKPN (Fig. 6). In contrast, the K.
pneumoniae-derived SSI, QBKPN, travels to the cervical lymph nodes, closer to the target organ of the
lungs. In both clinical and preclinical investigations of these therapies, the SSIs are administered
subcutaneously every 48 hours'*!', An injection of unlabeled SSI 48 hours before [*Zr]Zr-SSI
administration resulted in decreased kidney and lymphatic uptake in both QBECO and QBKPN groups
(Fig. 8.5). While further investigations are necessary to determine the cause of this decreased trafficking,

we hypothesize that in healthy mice, the first dose of SSI induces an innate immune response, recruiting

macrophages and neutrophils to the site of injection. The increased presence of activated immune cells
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remain at the injection site for at least 8 days as demonstrated by histological evaluation of the site of

injection (Fig. 8.6), and are likely primed for the next insult, increasing their efficacy of pathogen clearance.

In a mouse model of lung cancer, the administration of QBKPN resulted in an acute infection-like response
in the lungs'¥, which is not seen in mice bearing lung tumors upon administration of QBECO'3, indicating
these therapies are not disease-specific, but specific to the organ from which the microbial-based SSI are
endogenous. Likewise, in a mouse model of spontaneous ulcerative colitis, QBECO decreases immune cell
infiltration to the colon, ameliorating the mouse’s condition'. This suggests that SSIs work by modulating
the immune response to affected organs, dependent on whether increased or decreased immune activity is
needed. The current study confirms the site-specificity of these therapies in healthy individuals. The
biodistribution of SSI is dependent on the organotropism of the bacteria from which the SSI is derived,

regardless of presence of disease.

There are known limitations to this study. The method of analysis does not reveal in what form the SSIs are
trafficking. It would be assumed that microbial products would be quickly phagocytosed and degraded at
the site of injection, and it is still unknown how the SSIs are carried through the body. However, our results
suggest that there is an important role for phagocytic cells in this process. It is also important to note that
the amount of SSI being delivered in these experiments are significantly greater, based on body size, to
what would be administered to a human, so the trafficking and abundance of these immunotherapy products

may be different between mice and humans.

8.9. Conclusion

In conclusion, the stable radiolabeling of these unique SSI immunotherapy products provides a useful tool
to map their long-term disposition in a live animal over time. PET imaging revealed differential
biodistribution of [¥Zr]Zr-QBECO and [¥Zr]Zr-QBKPN, supporting their tissue-targeted design. The
current investigation points to macrophages and/or neutrophils as the putative traffickers of the SSI from

the site of injection to the organ-specific site of bacterial colonization, however, further investigations will

240



be required to determine the precise role for these cells, and whether SSI are processed prior to, during, or

after trafficking.
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Chapter 9: Conclusions and Future Perspectives
9.1. Chapter 2: MRI Probes for In vivo Aldehyde Sensing

9.1.1. Conclusions to Chapter 2

The production and clearance of endogenous aldehydes is tightly controlled during normal metabolic
processes. When production outpaces their clearance by aldehyde dehydrogenases, a build-up of aldehydes
in tissues occurs. These highly electrophilic aldehydes bind rapidly with DNA, protein, and amino acids to
form adducts, causing catastrophic damage. The over-production of aldehydes is associated with many
pathologies including fibrotic diseases, cancer, brain injury, neurodegenerative, and cardiovascular
diseases. While the need for non-invasive molecular imaging of aldehydes is widely discussed in the
literature, the development of in vivo aldehyde-trapping probes presents many challenges due to their
transient and highly reactive nature. These challenges, and the requirements for developing such probes are
described in this review. Also presented is a comprehensive summary of all current aldehyde-trapping MRI
probes, classified into two groups. The first group are macrocyclic metal-based compounds for extracellular
aldehyde sensing developed by Dr. Caravan and his group. These probes were designed to bind to allysine
residues which are characteristic of active fibrogenesis. We reviewed the development of probes, the
importance of aldehyde-binding warheads, their kinetics, and in vivo mouse models of fibrosis that were
used to test the probes. Secondly, three CEST-MRI probes (Hydrazo-CEST) designed by Dr. Shuhendler
and his group were discussed. These small molecule metal-free compounds are designed for intracellular
trapping of either aliphatic or aromatic aldehydes, affording the in vivo imaging of total aldehydic load. The
development of these probes and their characterization in mouse models of lung cancer and traumatic brain
injury were discussed.

Overall, the development of these whole-body in vivo aldehyde-binding probes allow for the pre-clinical
visualization of both extracellular and intracellular endogenous aldehyde production using MRI. Using
these tools, researchers may begin to close the knowledge gap of the pathophysiology of aldehydes in

disease and injury.
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9.1.2. Future Perspectives to Chapter 2

In this chapter, we highlight the need for further development in the field of molecular imaging of
aldehydes, both at the pre-clinical and clinical stage. Clinical translation of these non-invasive diagnostic
probes is essential for earlier detection of a wide array of diseases. Continuing efforts must be made to
identify and fully characterize the role of aldehydes in disease so as to broaden the clinical use of this
toolkit. Aldehydes have been implicated in many diseases, however, their utility as biomarkers for early
detection of these diseases must be investigated. Furthermore, as we believe aldehydes are propagators of
disease, the aldehyde-trapping MRI probes discussed in this chapter may be interrogated as aldehyde-

sequestering agents, identifying a potential therapeutic avenue for this class of probes.

9.2. Chapter 3: Methyl 5-MeO-N-aminoanthranilate

9.2.1. Conclusion to Chapter 3

A novel aldehyde-binding fluorophore, methyl 5-MeO-N-amintoanthranilate was described in this chapter.
This represents the first fluorophore capable of detecting total intracellular aldehydic load, as it quickly
binds and elicits a turn-on fluorescence upon complexation with aliphatic aldehydes. This probe was tested
in a cell model of oxidative stress, showing an increase in total aldehydes following incubation with diethyl
maleate, and an attenuation of aldehyde production with pre-treatment of an antioxidant, a-tocopherol.
Overall, the outcomes of this research will facilitate our understanding of the biochemical processes
involving endogenous aldehydes, including where they are produced in the cell, why they are produced, if

they are trafficked, their role in pathology, and their role in diagnostic and therapeutic medicine.

9.2.2. Future Perspectives to Chapter 3
Future work on this probe involves chemical modification to prevent spontaneous cyclization in aqueous
conditions to extend imaging time. This could allow for the tracking of intracellular aldehydes, including

where they are produced, and where they migrate, informing on whether they act as signaling molecules of
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stress, propagating disease. Furthermore, a modification toward longer emission wavelengths would greatly
improve the risk of photobleaching while imaging this probe. Finally, a modification to withstand fixation
would vastly increase the interrogation of endogenous aldehydes in cell models, as co-staining with

antibodies could be performed.

Following optimization, it may be possible to integrate this probe into an affordable, rapid, and easily
implemented point-of-care diagnostic tool for disease or injury resulting in an increase in aldehydic load in
bodily fluid (e.g., blood, saliva, urine). For example, at-home kit could be used to monitor brain injury
following an impact at a football game or following a motor vehicle accident, providing the patient with a

guideline on when to seek further diagnostic imaging or treatment at a hospital.

9.3. Chapter 4: Mapping Aldehydic Load In vivo by Positron Emission Tomography with
["*FINA3;BF;3

9.3.1. Conclusion to Chapter 4

A new aldehyde-binding radiotracer ['*F]NA;BF; capable of mapping total endogenous aldehydes
in living subjects by PET was introduced in this chapter. Using the same N-amino anthranilic acid-
based backbone as the fluorophore described in chapter 3, an organotrifluoroborate isotope
exchange mechanism was used to radiofluorinate the compound in good yield. The viability of this
radiotracer was first assessed in mice with exogenously induced aldehyde-rich tissue. The
radiotracer was able to detect the increase in aldehydes compared to control tissue. The use of a
non-aldehyde binding control analog and successful blocking study confirmed the specificity of the
probe. ["*)F]NA;BF; was then used in an LPS mouse model of inflammation to map whole body
endogenous aldehyde production. Increase of aldehydes was seen in the kidneys, liver, and lymph
nodes, which coincided with areas of pro-inflammatory signals identified in the literature. With this
new radiotracer, aldehyde biomarkers of inflammation including lipid peroxidation and oxidative
stress comprising endogenous aldehydic load may now be imaged in vivo with the high sensitivity

and quantitative nature of PET.
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9.3.2. Future Perspectives to Chapter 4

With the new capability of whole-body aldehyde imaging, this radiotracer can be applied to a variety of
disease models to better understand the implications of endogenous aldehyde production in pathology. For
example, any diseases that are currently known to be propagated by oxidative stress or inflammation can
be mapped in vivo with this probe. If aldehydes are produced in the early stages of disease, importantly in
diseases where early detection is crucial for treatment, this imaging tool may be used for earlier diagnosis.

Furthermore, this probe may be used for drug development or treatment monitoring for these diseases.

A major disadvantage of this radiotracer is its inability to cross the intact blood-brain barrier. The inability
to image the brain with this probe limits its use cases for the many neurological diseases in which aldehydes
may be involved. To overcome this issue, we have designed a second iteration of this aldehyde-trapping
PET radiotracer that is more likely to pass the blood-brain barrier (structure shown below). Once
synthesized, this new radiotracer will need to be evaluated in the same manner as the current radiotracer,

using a mouse model of neuroinflammation.

X 0 COOH

"8F" H
NHNH,

Figure 9.1. Future iteration of an aldehyde-mapping radiotracer designed to cross the blood-brain

barrier.

94. Chapter 5: Aldehydic Load as an objective biomarker of mild traumatic brain injury by
CEST-MRI

9.4.1. Conclusion to Chapter 5

mTBIs present a complex diagnostic challenge due to their often latent and non-specific symptoms, and

current evaluations that are prone to diagnostic and selection biases. There is no single objective diagnostic
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tool for concussions, but instead diagnosis relies on a combination of medical history, physical examination,
symptom evaluation, and, in some cases, anatomical neuroimaging to rule out more severe traumatic brain
injury. Our study addresses this critical gap in current diagnostic methods by introducing aldehydic load as
an objective biomarker for mTBI. Our research provides a paradigm shift away from traditional approaches
reliant on cognitive testing and patient interviews. Instead, we utilize clinically relevant molecular imaging
technology to map brain aldehyde content as a novel imaging biomarker we show to be associated with

mTBI.

Our work details the stepwise development of total brain aldehyde levels (a.k.a. aldehydic load) as a
translational imaging biomarker for the objective diagnosis and characterization of concussion injury. We
first detail the generation of an in vitro corticomimetic scaffold that supports the culture of primary and
iPSC-derived mouse and human neurons in a matrix recapitulating the rheological properties of cortical
brain tissues. The scaffold was specifically engineered so that it is easy to generate using standard laboratory
cell culture infrastructure. Using this “brain-in-a-dish”, we were able to apply a concussive force and map
aldehydic load changes using live cell confocal microscopy. With this data supporting neuronal aldehyde
generation after concussive impact, we then evaluated a novel MRI contrast agent capable of mapping
aldehydes in a novel awake, closed head mouse model of concussion. The mouse model described avoids
negative effects of head restraint, surgery, and anesthesia on concussion pathogenesis. We show that the
concussive injury sustained in our model is absent from brain bleeding and blood brain barrier permeability
changes, but sufficient to induce transient neurological deficits manifesting as sensorimotor disruptions.
Using this mouse model, we apply a novel MRI contrast agent we call ProxyNA3, which is based on years
of chemistry and probe development by our research group, to map aldehydic load in vivo. We show that
brain aldehydic load increases 2 days after concussion, preceding the elevation of a classical marker of
neuroinflammation, glial fibrillary acid protein. We also show the first direct evidence that post-concussion
aldehydic load increases in aged mice, and in mice deficient for aldehyde dehydrogenase enzymes,

potentially identifying groups of individuals more susceptible to post-concussive injuries. Overall, the work
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supports aldehydic load as an early, and potentially causative, imaging biomarker of concussion accessible

by MRI.

9.4.2. Future Perspectives to Chapter 5

Further pre-clinical work needs to be done on this project before progressing to the clinic. First, a new
animal model should be developed with brain anatomy more similar to humans, possessing gyri and sulci
in order to better replicate concussive injury. With this new model, sex differences should be investigated,
as well as more imaging timepoints to determine the ideal window for imaging following the potential

concussive blow.

Furthermore, the CEST-MRI pulse sequence used in this study limited our images to a single slice of brain.
Modifying this pulse sequence to include the full three-dimensional brain will be instrumental in fully
mapping the location of injury. Expanding the field of view in this imaging protocol will also allow
investigation into peripheral the effects of concussion, for example, whether aldehydic load is increased in

other areas of the body following impact.

Through these studies, our major findings will be instructive for the further evaluation of neuropathology
using an in vitro corticomimetic scaffold, will provide a translational tool for unprecedented objective
diagnosis of concussion and mapping of concussion injury, and provide a validated mouse model with
histological and behavioural outcomes recapitulating clinical presentation of concussion. Additionally, the
novel MRI contrast agent presented in this work will create new avenues for the mapping of aldehydic load
in other neurological and non-neurological injury and disease involving inflammatory pathology. Overall,
ProxyNA; forges a new pathway for improving concussion diagnosis and interventions with immense

translational potential.
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9.5. Chapter 6: It's a Trap! Aldolase-prescribed C4-deoxyradiofluorination affords intracellular

trapping and the tracing of fructose metabolism by PET

9.5.1. Conclusions to Chapter 6

Fructose metabolism has been implicated in many pathologies including metabolic disorders,
neurodegenerative conditions, cardiac disorders, and cancer. In particular, a switch from glycolysis to
fructolysis has been identified in cardiac hypertrophy and myocardial infarction, is considered a driver of
Alzheimer’s disease, and promotes inflammation following brain injury and stroke. Despite its clinical
importance, the lack of a quantitative imaging tool has impeded our ability to explore fructolysis in
pathology and diagnostic imaging. Our study addresses this critical gap by introducing a novel
radiodeoxyfluoronated fructose analog, ['*F]4-fluoro-4-deoxyfructose (['*F]4-FDF), which can be used to

quantitively image fructose metabolism by PET.

The work presented in this chapter details the stepwise development and implementation of ['*F]4-FDF in
in vitro and in vivo experiments. Our approach was informed by the catalytic mechanism of aldolase, a key
enzyme in fructolysis. We confirmed cell uptake and intracellular trapping of heavy-labelled [U'3*C]4-FDF
in a HEPG?2 cells, compared to previously-reported C;- and Cs-fluorinated analogs which proceed through
the fructolytic metabolic pathway. We propose that the deoxyfluorination of the Cs-position prevents

aldolase-mediated scission, trapping the deoxyfluorinated fructose analog in the cell.

We synthesized ['*F]4-FDF with good radiochemical yield and molar activity, and evaluated its distribution
in mice with HepG2 xenograft tumours, and compared its biodistribution to ['*F]6-FDF and ['*F]-2-fluoro-
2-deoxy-D-glucose (['*F]JFDG). We found that ['®*F]4-FDF has a better signal to noise ratio in highly
glycolytic tissues including the brain and heart compared to ['*F]FDG, and avoids the extensive bone uptake
seen with ['®F]6-FDF. To further investigate its potential as an inflammatory marker in brain and heart
tissue, we evaluated its use in an LPS-induced mouse model of systemic inflammation. Here, we saw a

significant increase in brain and heart update of ['®*F]4-FDF in diseased mice compared to healthy mice,
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suggesting this radiotracer may be used to map the pathological switch to fructose metabolism in brain and

heart tissues.

9.5.2. Future Perspectives to Chapter 6

The potential impact of our research on clinical imaging and diagnosis of fructolysis-dependent pathologies
is immense. Our new radiotracer, ['*F]4-FDF, allows for the sensitive mapping of fructose metabolism in
highly glycolytic tissues, offering researchers and clinicians a powerful tool to study and diagnose diseases
where fructolysis plays a pivotal role. The future perspectives of this work are toward clinical development.
As this diagnostic imaging agent is a modified dietary sugar, and safety has been shown in numerous mice,
clinical translation is the next step. Once baseline fructolysis is established in cohorts of healthy patients,
this radiotracer may be tested for efficacy in a wide range of neurological and cardiovascular diseases,

complimenting the current gold standard for PET imaging, ['*F]FDG.

As fructose metabolism has been shown to occur in numerous cardiovascular/cardiometabolic, and
neurological disorders, as well as in many types of cancer, the molecular imaging of fructolysis may provide
clinicians with a diagnostic tool capable of non-invasive detection of numerous diseases at early phases.
Furthermore, this probe may be used in drug development and therapy monitoring for pathologies in which

fructose metabolism occurs.

9.6. Chapter 7: Small Animal Multisubject PET/CT Workflow

9.6.1. Conclusions to Chapter 7

In this chapter, the methodology for simultaneously imaging multiple mice by PET/CT is described, using
["®FINA3BF;-PET as an example. This methodology will help pre-clinical researchers perform PET/CT on

animals with greater efficiency, ultimately reducing costs of research and time needed to complete projects.

Along with the methodology, described is a mouse model of APAP overdose, which I developed to map
aldehyde production in the liver. It is well known that APAP overdose causes mitochondrial respiration

dysfunction and a subsequent inflammatory response. However, the role of aldehydes in APAP metabolism
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is poorly understood. For the first time, the aldehyde response to APAP overdose was characterized in a

mouse model of drug toxicity.

9.6.2. Future perspectives to Chapter 7

While this methodology chapter was written to increase small animal PET/CT research efficiency, the future
research from this paper should focus on the newly developed APAP toxicity model. As previously
mentioned, the only clinical antidote for APAP overdose is N-aceytl cysteine, which needs to be
administered within a narrow time frame to be effective. The lack of antidotes for this drug toxicity is due

in part to the poor understanding of the full mechanism of the drug’s metabolism.

If aldehydes play a role in the initiation or propagation of toxicity following APAP overdose, it is possible
that mediating the aldehyde response may lead to the development of new treatments. This new therapy
development could be performed on the mouse model described in this chapter, using ['*F]-NA;BFs-PET
to monitor endogenous aldehyde production. Possibilities for treatment could be an aldehyde-scavenging

agent to decrease the formation of aldehyde-adducts, or by upregulating aldehyde-detoxifying systems.

9.7. Chapter 8: Tracking the fate of bacteria-derived site-specific imnmunomodulators by

Positron Emission Tomography

9.7.1. Conclusions to Chapter 8

SSIs are a novel class of biologic therapy made from different species of inactivated bacteria. These SSIs
are designed to modulate the immune system in specific organs, based on the bacteria from which the
therapy is derived. QBKPN is a lung-targeted SSI made from inactivated Klebsiella pneumoniae, and is
currently in clinical development for the treatment of inflammatory lung diseases and respiratory infections.
QBECO is a gut-targeted SSI derived from Escherichia coli, which is undergoing clinical investigation for
treatment of UC. As all the macromolecular components of the organ-specific bacteria are retained, the
therapy does not need to be administered directly to the site of disease, rather, it can be introduced
subcutaneously to induce an immune response in an organ-specific manner. While these SSIs have shown
immunomodulatory effects for pre-clinical and clinical efficacy in a broad range of conditions including
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cancer, chronic inflammatory diseases, and infection, their biodistribution and trafficking mechanisms

remain unknown.

Our work details the radiolabeling of QBKPN and QBECO with [*Zr] for long-term biodistribution
investigations in mice to map the movement of the particles from the site of injection. Isothiocyanate-
functionalized desferrioxamine was conjugated to the SSI particles forming a thiourea linkage with exposed
lysine residues on the surface. These were then incubated with [¥Zr]Zr-oxalate, effectively radiolabeling
the SSIs in good radiochemical yield. Given the long half-life of the chosen radionuclide, we were able to
map the biodistribution of the SSIs in mice longitudinally over 8 days via PET. This study showed
differential distribution of the two SSIs in healthy mice. QBKPN, the lung-targeted SSI, traveled from the
site of injection (abdomen) toward the thoracic cavity and nearby cervical lymph nodes. In contrast, the
gut-targeted SSI, QBECO, remained in the abdominal region over the entire time course. A second
biodistribution study revealed a “priming” of the innate immune system after the first dose, resulting in less
trafficking of a secondary dose of the SSIs. Immunohistological investigation of tissue from the injection
site showed an infiltration of innate immune cells. Interestingly, QBKPN induces the recruitment of both
macrophages and neutrophils to the site of administration, whereas QBECO recruits mostly neutrophils.

The differential recruitment of immune cells may play a role in the site-specific trafficking of SSIs.

9.7.2. Future Perspectives to Chapter

Through these studies, our major findings will be instructive for the further evaluation and characterization
of the mechanism of action of SSIs. Considering the ongoing clinical investigation of this first-in-class
immunotherapy program, a detailed understanding of trafficking and distribution is essential for further

development of these therapies.

In order to fully understand the mechanisms of action of these SSIs, evaluation of the trafficking of QBKPN
and QBECO in immunocompetent mouse models of lung cancer and UC should be performed. A syngeneic
model of lung cancer (Lewis lung carcinoma model) can be used for the tracking of QBKPN in a clinically
relevant mouse model. Tumour burden can be evaluated non-invasively by MRI, and radiolabeled [*Zr]-
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SSI can be tracked by PET/CT using the protocol established in Chapter 8. For the evaluation of QBECO
in UC, a well-established immunocompetent mouse model for spontaneous UC with a defective mucus

barrier (Muc2™) can be used.

Immune cell components (macrophages, NK cells, neutrophils, T-cells, B-cells) participating in SSI
trafficking (at the site of injection, lymph nodes, and disease) can be analyzed ex vivo by comparing diseased
mice to disease-free controls. The tissues of interest can be used for autoradiography (for radiolabeled SSI
location) and immunofluorescence (for immune cells) to correlate SSI location with innate and adaptive
immune cell populations. The outcome of these studies would provide quantitative evaluation of the site-
specific tracking of QBKPN and QBECO in mouse models of lung cancer and UC, along with immune cell
response, which will contribute to a more complete understanding of the mechanism of SSI-mediate
immunomodulation in disease. This data would directly inform the ongoing clinical translation by Qu

Biologics.
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Appendix 1: Copyright information

Chapter 2: The article titled “MRI Probes for In vivo Aldehyde Sensing” is published Open Access at
Analysis and Sensing. Alexia Kirby, Mojmir Suchy, Adam Shuhendler, Anal. Sens. 2024, ¢202300087.

DOI:10.1002/anse.202300087.

“Analysis & Sensing articles that publish Open Access are published under the terms of the Creative
Commons Attribution License. The CC BY license permits commercial and non-commercial re-use of an

open access article as long as the author is properly attributed.”

Chapter 3: As per Royal Society of Chemistry guidelines, the use of my own material in a thesis or
dissertation does not require a permissions request. The correct acknowledgement is included in section

3.3 and below:

Reproduced from Ref. Org. Biomol. Chem., 2019,17, 1843-1853 with permission from the Royal Society

of Chemistry. DOI: 10.1039/C80B02255K.

Chapter 4: The correct acknowledgement for copyright permission from the Royal Society of Chemistry

1s included section 4.3 and below:

Reproduced from Ref. Chem. Commun., 2019,55, 5371-5374 with permission from the Royal Society of

Chemistry. DOI: 10.1039/C9CC01831J.

Chapter 5: This manuscript titled “Aldehydic load as an objective imaging biomarker of mild traumatic

brain injury by CEST-MRI” is available on the preprint server bioRxiv.

DOI: https://doi.org/10.1101/2024.04.16.589820

The copyright holder for this preprint is the author/funder, who has granted bioRxiv a license to display

the preprint in perpetuity. All rights reserved. No reuse allowed without permission.
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Chapter 6: Reproduced from Ref. Journal of Nuclear Medicine 65.3 (2024): 475-480. DOI:

https://doi.org/10.2967/jnumed.123.266905.

“JNM authors retain the following nonexclusive, usage rights, to be exercised only after the article has
been published in final format in the print version of JNM or six months from date of Ahead of Print

publication [for] use the article in theses and/or dissertations.”
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Chapter 7: Copyright permissions were obtained for this book chapter from Spinger Nature:

Reproduced with permission from Springer Nature: Kirby, Alexia, and Adam J. Shuhendler. "Small Animal

Multisubject PET/CT Workflow." Positron Emission Tomography: Methods and Protocols. New York, NY:
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Chapter 8: The manuscript titled “Tracking the fate of bacteria-derived site-specific immunomodulators
by Positron Emission Tomography” is published in the journal Nuclear Medicine and Biology under a

creative commons license. https://doi.org/10.1016/j.nucmedbio.2024.108908.

The publisher will apply the Creative Commons Attribution 4.0 International License (CC BY) to the
Article where it publishes the Article in the journal on its online platforms on an Open Access basis.
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