Western University

Scholarship@Western

Western® Graduate& PostdoctoralStudies

Electronic Thesis and Dissertation Repository

4-27-2023 2:00 PM

In vivo multi-modal imaging approaches for cancer, stem and
immune cells

Nourhan Shalaby,

Supervisor: Scholl, Timothy J., The University of Western Ontario

Joint Supervisor: Ronald, John A., The University of Western Ontario

A thesis submitted in partial fulfillment of the requirements for the Doctor of Philosophy degree
in Medical Biophysics

© Nourhan Shalaby 2023

Follow this and additional works at: https://ir.lib.uwo.ca/etd

b Part of the Medical Biophysics Commons, Medical Cell Biology Commons, and the Medical Molecular
Biology Commons

Recommended Citation

Shalaby, Nourhan, "In vivo multi-modal imaging approaches for cancer, stem and immune cells" (2023).
Electronic Thesis and Dissertation Repository. 9275.

https://ir.lib.uwo.ca/etd/9275

This Dissertation/Thesis is brought to you for free and open access by Scholarship@Western. It has been accepted
for inclusion in Electronic Thesis and Dissertation Repository by an authorized administrator of
Scholarship@Western. For more information, please contact wiswadmin@uwo.ca.


https://ir.lib.uwo.ca/
https://ir.lib.uwo.ca/etd
https://ir.lib.uwo.ca/etd?utm_source=ir.lib.uwo.ca%2Fetd%2F9275&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/668?utm_source=ir.lib.uwo.ca%2Fetd%2F9275&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/669?utm_source=ir.lib.uwo.ca%2Fetd%2F9275&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/673?utm_source=ir.lib.uwo.ca%2Fetd%2F9275&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/673?utm_source=ir.lib.uwo.ca%2Fetd%2F9275&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.lib.uwo.ca/etd/9275?utm_source=ir.lib.uwo.ca%2Fetd%2F9275&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:wlswadmin@uwo.ca

Abstract

Introduction: Molecular imaging allows for non-invasive longitudinal visualization of
cellular functions in vivo. This area of research has provided better understanding of
fundamental molecular and biochemical processes, enabled optimization of pre-clinical and
clinical assessments for new treatments, and allowed for more accurate and early detection of
many pathologies. Extensive research for novel imaging techniques and emerging
technologies have rapidly advanced the field. However, an ideal single imaging modality or
approach does not exist. Alternatively, multi-modal imaging approaches are commonly applied
to overcome limitations of individual technologies. In this thesis, we design, develop, validate,
and image various cell tracking systems using complementary multi-modal imaging
approaches such as bioluminescence imaging (BLI), magnetic resonance imaging (MRI),
magnetic particle imaging (MPI), and positron emission tomography (PET) to maximize the
strengths of each technology. Methods and Results: First, we develop a multi-modal imaging
approach to track breast cancer cells in a safe, sensitive, and quantitative manner in vivo. We
have subsequently optimized and applied our multi-modal system further to visualize
mesenchymal stem cells (MSCs), a clinically-relevant cell type, with more sensitivity.
Furthermore, we have validated this imaging approach in an emerging cellular immunotherapy
for the treatment of a rodent model of ovarian cancer. Specifically, using a safe dual human
reporter-gene imaging approach, breast cancer cells were detectable in mice with PET and MRI
- two clinical imaging modalities. Next, MSCs were genetically modified with a PET reporter
gene and labelled with iron oxide nanoparticles for longitudinal imaging with clinical PET and
sensitive MPI. Finally, we demonstrate chimeric antigen receptor natural killer (CAR-NK)

cells slowed tumor progression in an ovarian cancer model using BLI, and were able to track
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the CAR-NK cells using reporter-based BLI and PET. Conclusion: The studies reported in
this thesis contribute new multi-modal non-invasive molecular imaging tools to track various
cell types in preclinical models to reveal complementary information on cell localization,
proliferation, viability, and therapeutic response. Continued development of the clinically-
relevant imaging tools we have built for tracking MSCs and CAR-NK cells may one day
provide valuable information on cell therapy response/non-response or side effects in

individual patients — important goals in the era of precision medicine.
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Summary for Lay Audience

Traditional imaging primarily focuses on imaging structural changes in the body. Molecular
imaging (MI) allows one to visualize particular molecules and cells in the body in a non-
invasive and sensitive manner and works by labeling of cells of interest with imaging labels to
enable their visualization with various imaging scanners. There are many applications of these
approaches, ranging from better understanding of basic cellular-cellular interactions and
functions, to providing more knowledge on new medicine, as well as extending to earlier
diagnosis of many diseases. In this thesis, we use MI approaches to non-invasively track cancer
cells, stem cells, and immune cells in a safe, sensitive, and quantitative approach using
numerous imaging technologies: positron emission tomography (PET), magnetic resonance
imaging (MRI), bioluminescence imaging (BLI) and magnetic particle imaging (MPI). The
first cell system we describe uses safe genetic modifications of breast cancer cells to enable
their detection with MRI and PET longitudinally. Next, we combined MPI and PET to track
stem cells, a therapeutic cell type, to allow for sensitive cell tracking for a long time after their
implantation into mice. Finally, we combined BLI and PET to track a novel cellular
immunotherapy that was able to successfully treat ovarian cancer in mice. This thesis adds to
the rapidly growing field of non-invasive detection of cells in the body to better understand

where they localize, if they persist, expand, die, or how they interact in preclinical models.
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Figure 3.1: A) The genetic constructs containing (top) the zsGreen fluorescent gene followed
by the cleaving peptide T2A and then then PET reporter gene NIS; and (bottom) the tdtomato
fluorescent gene followed by T2A and the BLI reporter gene Akaluc. Flow cytometry showing
naive non-transduced MSCs (B), initial transduction with the lentiviral plasmid containing
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Microscopy showing unlabeled MSCs (E.) and MSCs labelled with Synomag-D® (>95%
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Figure 3.2: In-vivo detection of MSCs in the left hind limb with MPI (top), BLI (middle) and
PET (bottom) in a representative mouse over a 30-day period. MPI shows the brightest signal
on day 0 and steadily decreases over time. BLI signal shows reduced radiance on day 9 (likely
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particular timepoint had high PET SUV values, and vice versa). (D-F) MPI, BLI, and PET
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of the normalized data. Error bars represent +/- SD. G) a significant decrease of MPI signal at
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Figure 3.4: MPI (A) and BLI (B) signal from early imaging timepoints (days 0-9 post MSC
injection), and correlational analysis of this data (C). '8F-TFB PET SUV values (D) and BLI
signal (E) from later imaging timepoints (days 10-30 post MSC injection), and correlational

analysis of this data (F). .....ccceooiiiiieiee e et 128
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1.1

CHAPTER 1

General Introduction

The goal of this thesis is to develop complementary multi-modal imaging approaches that provide
important knowledge of the fate of implanted cells in vivo. These methods show the benefit of
using multiple imaging technologies for different applications, namely cancer and cell-based
therapy tracking as well as assessing therapeutic efficacy for cancer therapies. Chapter 1 provides
a focused overview of molecular imaging (MI), different approaches used to accomplish cell
tracking that have been performed pre-clinically and clinically in cancer, stem, and immune cells.
Finally, this chapter provides a brief introduction into the imaging modalities that were used in

this thesis. The background provided in this chapter introduces the studies within this thesis.

Motivation and Overview

Cell-based therapy is the administration of cells to treat or fight a disease. Globally, there are
currently 58 approved cell-based therapies used for oncological, neurological, cardiological,
inflammatory and regenerative applications. The clinical and commercial success of these living
drugs has caused great interest in the development of novel cell therapeutics, with hundreds of
cell-based products currently in clinical trials (clinicaltrials.gov). However, there are many hurdles
facing these therapies along the path to clinical translation, mainly associated with the
development, manufacturing, and safety of the cell therapy. One particular challenge hindering the
clinical integration of cell therapies is the limited knowledge on their fate post administration into
patients. This is a major obstacle as it is essential to understand if the therapy has reached its target
site, and if so, in what amounts. Furthermore, patients may be non-responsive or may respond
differently to the cell therapy. In severe cases, some patients may experience adverse effects to

these therapeutics. Thus, to accelerate the implementation of these promising living drugs,



methods to non-invasively visualize these therapies over their entire existence once they are in the
body are needed. While different methods to visualize cell therapies are being performed in clinical
practice (discussed in chapter 1), they lack sensitivity and do not provide complete insight into the
effects of cell therapies in the body. Thus, the focus of this thesis is to develop cell labeling
techniques that can accomplish non-invasive imaging of cells in the body to provide safe, sensitive,
quantitative information using multi-modality imaging technologies. We develop a cell tracking
system in chapter 2 that utilizes human-derived reporter genes which are safe, sensitive and
provide quantifiable information on gene-modified breast cancer cells, rendering them detectable
with two widely used clinical imaging modalities (PET and MRI). This system has high clinical
translatability in that it uses human-derived reporter genes with a clinically approved probe and
contrast agent to provide information on the cells location(s), proliferation, and intratumoral
distribution. The PET part of this system was then introduced into a therapeutic cell type and
optimized to include a labeling method that is highly sensitive and quantifiable. This labeling
system enabled tracking of mesenchymal stem cells which are used clinically for the treatment of
many pathologies. A multi-modal imaging approach, with PET and MPI, is used for longitudinal
tracking of the stem cells for the entirety of their in vivo lifespan. Such labeling technique has the
potential to report to clinicians on the success or failure of cell-therapy administration, provide
information on the number of therapeutic cells delivered successfully, and report on the cell
therapy’s in vivo persistence and survival. In chapter 4, we used PET and optical imaging together
in another multi-modal imaging approach to visualize a cellular immunotherapy in an ovarian
cancer disease model and evaluate the response of the therapy in treatment of the disease. These

works validate the use of multi-modal detection systems to successfully visualize cell fate in the



1.2

body in a non-invasive and sensitive approach that can track cells over the span of their in-vivo

persistence.

Molecular Imaging

Molecular imaging (M) is a field that combines molecular biology and biomedical imaging to
non-invasively visualize cellular and subcellular processes within living subjects to provide
information on proliferation, apoptosis, localization, distribution, and cell-cell interactions [1].
Advancements in the field of MI are attributed to innovations in imaging technologies,
development of novel imaging agents, and optimization of molecular and cellular labeling
techniques, such as evolving tools for genetic engineering. MI can extend knowledge beyond
information provided by in-vitro or ex-vivo biopsy or standard cell culture laboratory techniques,

in a non-invasive, sensitive, and quantifiable manner.

Applications of MI have included both preclinical and clinical functions. Pre-clinical MI in animal
models has become an integral step in the development and evaluation of novel targets, probes,
contrast agents and drugs prior to their clinical implementation. With a focus on cancer, these
studies have aided in finding new molecular targets for cancer imaging and therapy. Furthermore,
MI can enable non-invasive imaging of cancer cells to not only provided better understanding of
disease mechanisms and its progression (i.e., metastasis) but can also assist in disease screening to
facilitate early diagnosis and improve interventions, and thus patient outcomes [2]. MI of cell-
based therapies (i.e., immune or stem cells) on the other hand aims to monitor treatment response

and to better evaluate therapeutic efficacy or assess any potential side effects.

In the clinic, MI techniques have been accomplished with computed tomography (CT), positron

emission tomography (PET), single photon emission computed tomography (SPECT), magnetic



resonance imaging (MRI), and ultrasound (US) in applications such as oncology, neurology,

cardiology, and musculoskeletal diseases [3].

The ideal criteria for clinical MI applications includes safe non-toxic, bio-compatible and highly
specific labels which are also reversible, and can report on the cells of interest for the entirety of
their lifespan [4]. Additionally, MI benefits from modalities capable of sensitive and quantitative
detection of probes that interact with the target at pico- or nanomolar concentrations [5]. Thus,
sensitive nuclear imaging techniques (PET and SPECT) have been at the forefront of MI as they
provide sensitive and quantitative whole-body imaging. Moreover, many targeted
radiopharmaceutical agents for both SPECT and PET are available for both imaging and
theranostic purposes. However, radionuclide imaging is expensive, involves ionizing radiation and
unless coupled with another modality (CT or MRI), is associated with either limited spatial
resolution or lack of anatomical context [5]. In recent years, MI has extended and advanced beyond
the field of nuclear medicine and now other imaging technologies such as MRI, optical imaging
and ultrasound are being employed. Anatomical context with MRI offers superb spatial resolution,
unlimited depth penetration with exceptional soft tissue contrast [5]. However, MR imaging of
targets with micromolar concentrations is challenging and requires enhancements from the labels,
usually with the aid of contrast agents (i.e., positive or negative contrast agents). Optical
techniques such as bioluminescence and fluorescence are also effective modalities for molecular
imaging. Optical techniques are extremely sensitive with detection of agents at the pico- and even
femtomolar concentrations [6]. Specifically, for BLI and near-infrared (NIR) fluorescence
imaging, a low background is observed, providing enhanced signal-to-noise (SNR) ratios.
However, a key limitation for optical imaging is the limited resolution and depth penetration due

to light scatter and attenuation by tissues which is why optical imaging techniques have been



primarily used for research in preclinical models [6]. Nonetheless, there are several areas in which
optical molecular imaging can translate to clinical applications, with current clinical applications
restricted to surface (skin), intraoperative, or ocular imaging [7]. Pre-clinical optical imaging has
been used to assess contrast agents, test novel drugs, and to better understand basic biological
processes. However, clinical translation of optical imaging approaches still requires refinement of
the instrumentation and assessment of contrast agents. Ultrasound is another appealing molecular
imaging strategy that is relatively inexpensive, is non-ionizing, safe, and offers real-time high-
resolution images which are widely used for anatomical and functional imaging. Contrast-
enhanced ultrasound mainly involves the use of micron-sized gas-filled bubbles which can
recognize and bind to inflamed or highly vascularized cancer cells [8]. For example, in 2017,
Wijkstra, et al., developed the first clinical grade contrast agent for US targeting the vascular
endothelial growth factor receptor type 2; VEGFR2, associated with neoangiogenesis in many
cancers [9]. While microbubbles provide sensitive detection (in picomolar concentrations) and
have additional therapeutic capabilities, they suffer from poor stability caused by core gas

diffusion across the cell [10].

While each modality has its strengths and weaknesses, combining imaging systems for cell
tracking has been a common approach that has been shown to provide a more holistic overview on
the cells of interest and has shown to be more complementary than competitive. In this thesis, cell
tracking is accomplished via multi-modal imaging approaches to visualize various cell types
(cancer cells, stem cells and immune cells) and report on their fate post administration in

preclinical models.



1.2.1 Cell Tracking

The use of medical imaging techniques for non-invasive visualization of cell biodistribution and
trafficking throughout a living subject, is referred to as cell tracking. Cell tracking provides
valuable information for disease progression and diagnosis (i.e., infection and inflammation),
fundamental biological mechanisms, as well as the development, evaluation, and optimization of
cell-based therapies. Cell tracking has been utilized in many preclinical settings and has enabled
understanding of tumour development and metastasis, tracking of cancer cell fate in preclinical
animal models, and supported evaluations of cancer therapies. Additionally, cell tracking has many
clinical applications in a variety of medical settings (report on patient received dosing, patient
response to treatment, or report on possible severe cytotoxicities). Thus, it is essential to fully
understand the biodistribution, accumulation, localization of therapeutic cells for both pre-clinical
and clinical applications. There are various methods and strategies for cell labeling to enable non-
invasive imaging with medical imaging techniques. In the next section, different methods for cell

tracking are summarized.

1.2.2 Methods to cell tracking

There are two general methods for cellular tracking: (1) direct labeling and (2) indirect labeling.
Direct cell labeling is a relatively straightforward and well-established technique that involves the
introduction of a labeling tag into the cell to allow for visualization with a suitable imaging tool.
Indirect imaging approaches, also often referred to as reporter gene imaging, typically integrates
the reporter gene(s) into the cells genome via either viral or non-viral gene delivery methods. In

the following subsections, common direct and indirect labeling approaches will be discussed.
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Figure 1.2.1 : Methods of cellular labeling techniques. In direct labeling, probes, contrast agents
or tracers are incubated with cells (1) prior to their administration into animal models. Proliferation
of labelled cells, or clearance of agent, results in declining signal over time. In indirect labeling
techniques, (2) reporter genes are integrated into the cellular genome via lentiviral transductions.
Other delivery methods for genetic transfer exist (viral and non-viral methods). Reporter genes
can encode for fluorescent proteins which require excitation by photons within a specific range of
wavelengths to emit detectable photons (3). Reporter genes can encode for transporters and
symporters that uptake specific imaging agents, tracers, or contrast agents to produce a detectable
signal (4). Reporter genes can encode to enzymes that catalyze an administered substrate and result

in the emission of detectable photons (5).



1.2.2.1 Direct Labeling

In principle, direct cell labeling is a relatively uncomplicated technique that requires a labeling
agent (probe) to enter inside a cell, or attach to the cellular membrane, typically via incubation of
the labeling probe with the cell. Some cells are labeled by natural processes such as phagocytosis
(engulfing the probe) or pinocytosis, direct attachment of the probe to the cell membrane, or uptake
of an imaging agent through a transporter expressed on the cell surface. Some cell types require
the addition of a labeling agent such as a transfection agent to induce the cell to take up the imaging
probe. Once cells are labeled in vitro, they can be administered into the subjects and the subject is
imaged to enable cell detection in vivo. One of the major advantages of direct labeling techniques
is that the cells do not require genetic modification (as opposed to indirect labeling discussed in
the following section) and thus this approach is commonly used in clinical practice as it poses

lower regulatory scrutiny.

Direct cell labeling long been performed in white blood cells with Indium-111 (*!'In)-oxine or
Technetium-99m (*™Tc)-hexamethylpropylene amine oxime ([**™Tc JHMPAO) to image sites of
inflammation with SPECT [11][12]. However, SPECT sensitivity is 2-3 orders of magnitude
lower than PET, which makes PET imaging of Fluorine-18- , Copper-64- , lodine-124- and
Zirconium-89- labeled cells more attractive. Furthermore, PET provides superior image quality,
sensitivity, spatial resolution, and quantification compared to SPECT.  Alternative to
radiolabeling, MRI tracking of human cells in the clinic was first reported in 2005, where dendritic
cells were labeled with superparamagnetic iron oxides (SPIOs) [13]. Since then, the use of SP1Os
has dominated the field of MRI-based cell tracking and has even shown its capability of single cell
detection in mice [14]. Nuclei other than 'H for MRI has been employed for cell tracking. The use

of Fluorine-19 (*F) MRI has been used to detect perfluorocarbon nanoparticles (PFCs), or '°F-



labeled cells. YF-MR imaging of labeled cells produces high specificity, since °F is not
endogenous to the body. Furthermore, '°F detection is quantitative since the '"F content is
proportional to the signal generated [15]. While this is an effective technique for cell labeling, its

main limitation is low sensitivity [16].

One of the main limitations associated with direct labeling is the potential efflux of the labeling
probe from labeled cells over time, which can lead to a reduction in imaging signal, or
misinterpretation of the signal. Another drawback of this labeling technique is its restriction in
indefinite visualization of labeled cells as the cells proliferate, resulting in imaging agent dilution
over time and reduced sensitivity. Also, when cells die the agent may still be present in the
extracellular space or taken up by bystander cells. These limitations can result in issues in
quantitation and false-positive results which can hinder imaging at time points long after cell
injection for evaluation of cell proliferation, activation, or death. Indirect labeling is a labeling
approach that can overcome these limitations, and provide quantitative measurements for the

entirety of the cell’s lifetime.

1.2.2.2 Indirect Labeling

Indirect labeling involves genetically modifying cells by the introduction of a reporter gene into
the cell’s genome. A reporter gene will encode for expression of a reporter protein, which through
different mechanisms, can result in a detectable signal. Most reporter proteins are cell surface
receptors/transporters or intracellular enzymes, whereby the use of an injected imaging agent will
specifically interact with these proteins, resulting in detectable signal. Reporter proteins can also
inherently provide signal (i.e., GFP) or take up endogenous material (such as iron) to provide
contrast. Reporter genes have played a major role in MI and have revolutionized non-invasive

visualization of many dynamic processes, including cellular tracking, gene replacement therapy,



and protein-protein interactions. The discovery and development of the first reporter gene, the
green fluorescent protein (GFP), by Martin Chalfie, Osamu Shimomura and Roger Y. Tsien,
received the 2008 Nobel Prize award in Chemistry. GFP is derived from jellyfish Aequoria
Victoria and has been used as a versatile reporter in many applications (i.e. monitoring gene
expression). Since then, many reporter genes have been developed for detection with BLI, MRI,

PET, SPECT and PAI [17][18][19][20][21].

The main advantage of incorporating reporter genes in cells is their ability to be inherited by
daughter cells, resulting in the stable expression of reporter proteins in the progeny of the original
engineered cell. Ideally, this enables imaging for the entire lifespan of the engineered cell and all
daughter cells, which can provide information on cell proliferation. It is important to acknowledge
that for longitudinal imaging of many reporter genes, repeated administration of the imaging agent
is required. Another benefit of using reporter genes, is their ability to report on cell viability since
reporter proteins are not expressed by dead cells. For example, the sodium iodide symporter, which
can function as a PET reporter protein, is ATP-dependent and will not function in dead cells.
Likewise, some, but not all BLI reporter genes require catalytic reactions which are oxygen- and
ATP-dependent, thus enabling BLI detection of only viable cells [22]. Despite these advantages,
the genetic manipulation of cells is viewed as a challenge in clinical translation. However, with
the emergence of genetically modified cellular therapies (i.e., chimeric antigen receptor T (CAR-

T) cell therapies), and safer ways to engineer cells, this concern is less of an issue.

Genetic incorporation of the reporter gene into the cell of interest can be accomplished via viral or
nonviral methods. Viral delivery of the reporter gene uses the biology of viruses to integrate the
reporter gene into the cell’s genome. Retroviral and lentiviral methods are the most frequently

used methods for genetic alteration of cells, although novel viral mechanisms are developed.
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Certain viral integration methods are associated with risks, such as the random integration of the
reporter genes within the genome, leading to insertional mutagenesis. However, studies have
identified genomic safe harbors which can accommodate incorporation of new genetic material
without causing functional perturbations [23][24]. Nonviral gene delivery can be accomplished by
numerous strategies, including nanoparticles, polymers, electroporation, chemical vectors or
cationic transfection agents [15]. In this thesis, lentiviral transduction methods are used to integrate
the reporter genes into the cell of interest. We used reporter genes that are compatible with both
preclinical (BLI) and clinical (PET and MRI) imaging modalities. The specifics of the each of the
used reporter genes used are discussed in section 1.3. In the next section, cell tracking for cancer,

stem and immune cells will be covered.

1.2.3 Cancer

Cancer is a leading cause of death worldwide, responsible for one in six deaths (World Health
Organization). The hallmarks of cancer as defined by Hanahan and Weinberg include sustained
proliferative signaling, evasion of growth suppression signals, resistance of death, replicative
immortality, induction of angiogenesis, activation of invasion and metastasis, reprogramming of
energy metabolism, and evasion of immune destruction [25]. While cancer can be a debilitating
disease, diagnosis of stage I cancer is associated with >90% 5-year survival [26]. However, cancer
metastasis, or the spread of cancer cells from the primary tumour to distant sites, is responsible for
90% of cancer deaths. It is crucial to advance and improve the detection of early cancer to reduce

these related mortalities.

Cancer diagnosis is a sequential process that begins with an initial assessment such as a physical
examination for detection of palpable tumours (such as in breast or prostate cancer), blood tests to

detect abnormal levels of cancer-associated biomarkers (such as prostate specific antigen; PSA),
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and biopsies which can assist in the classification and staging of cancer. Imaging is also an
indispensable tool for diagnosis and has a key role in cancer screening, staging, treatment
monitoring, recurrence, and prognosis. Currently, the main imaging modalities used for cancer
imaging and detection are MRI, PET, SPECT, CT, OI, US. Each of these conventional imaging
technologies are associated with strengths and limitations which has made way for hybrid or multi-
modal imaging. Although these imaging modalities still represent the mainstay of cancer imaging
in the clinic, conventional imaging techniques typically detect lesions when they are large (> 1
cm) at which point they consist of approximately >10° cells [26]. Thus, there is enormous incentive
for developing techniques that are more sensitive and specific for early cancer detection using
these technologies. The field of MI can have a key role in this setting as it allows for the detection
of key molecular targets associated with preliminary stages of metastasis or even prior to
metastatic transformation. Furthermore, some MI approaches have shown sensitivity as fine as

single cell detection [27][28][29].

1.2.3.1 Tracking cancer cells

Cancer cell tracking with molecular imaging techniques has advanced our understanding of disease
progression and its metastasis. Molecular imaging approaches can either target cancer-related
processes such as metastasis, proliferation, hypoxia, increased metabolism and inflammation, or
cancer-associated markers that are typically overexpressed (i.e., receptors or antigens) [15]. One
of the main imaging approaches used for detection of cancer metabolism is '3F-
Fluorodeoxyglucose (1*F-FDG)- PET. '8F-FDG is a radiolabeled glucose analog that works on the
principle that many cancers exhibit a shift in their metabolism as a result of the Warburg effect,
thus enhancing cancer cell uptake of 'F-FDG, and enabling detection with PET [30]. The

development of radiolabeled nucleoside analogs (i.e. thymidine compounds), which can integrate
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into DNA can serve as a means to image cancer cell proliferation [31]. '8F-FDG-PET has other
applications for cancer diagnosis, staging, and monitoring therapeutic response in many cancers
[32]. However, this technique is not cancer-specific as other pathologies (i.e., infection and
inflammation), are also associated with an increase in glucose uptake [33]. A more specific PET
molecular imaging approach is targeting tumour-specific antigens, such as the prostate specific
membrane antigen (PSMA), which is typically overexpressed in 90-95% of prostate cancers [34].
PSMA-PET has shown more sensitive and specific detection of PSMA positive cancers, compared

to 'SF-FDG-PET [35].

Optical imaging modalities have also been widely used to elucidate cancer cell trafficking,
invasion, angiogenesis, and metastatic development. Bioluminescence imaging (BLI) can be used
to detect both the primary tumour as well as the metastatic lesions, which are frequently too small
to be detected by macroscopic observations, in live animals. Once cells are genetically engineered
to express a luciferase, imaging with BLI can be accomplished. BLI is a technique that uses a
cooled-charged device (CCD) camera to image the expression levels luciferase enzymes with an
exogenously administered substrate (i.e., a luciferin). Luciferase-expressing cells can be
repeatedly imaged with BLI easily with simple substrate re-administration. This technique enables
effective temporal evaluation of tumor burden and regression through a course of treatment
[36][37][38]. BLI has shown to be an extremely sensitive imaging tool with single cell detection

capabilities [39].

Magnetic Resonance Imaging (MRI), along with the use of small molecule paramagnetic agents
(i.e., gadolinium-based contrast agents; GBCA) or superparamagnetic iron oxide nanoparticles
(i.e., SPIONs) can report on cancer staging as well as different tumour processes such as

angiogenesis, invasion and apoptosis [44]. As an example, Ferumoxytol (a SPION) has been used
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in MRI to locate lymph node metastases <7 mm in size in patients with prostate cancer. SPIONs
were taken up by macrophages which travel to benign lymph nodes to appear dark on T2-weighted
MRI, while metastatic lymph nodes showed a paucity of macrophages and appeared bright [45].
Sipkins et al., showed paramagnetic liposomes for the delivery of gadolinium to endothelial
markers associated with neovascularization to visualize tumour angiogenesis [46]. Furthermore,
molecular biomarkers associated with apoptosis have been linked to both iron oxide nanoparticles
or gadolinium to allow for in vivo detection of therapy induced apoptosis, assisting in assessing

therapeutic response [47][48].

Multimodal imaging approaches to harness the advantages from each technology have also been
performed in cancer cell tracking. A technique using *™Tc-labeled nanoparticles also carrying Gd-
chelates was used to image 3D neovascular mapping using SPECT-CT and MRI to improve
sensitivity and provide high-resolution characterization of tumour angiogenesis [49]. Other studies
have tracked tumour-associated markers overexpressed on cancer cells using a combination of
different imaging modalities such as MRI and optical imaging [50][51], or fluorescence,
radionuclide and MR imaging [52], or PET and fluorescence imaging [53]. Multi-modal imaging
has also been used to track cancer cell metastasis (i.e., using PET and BLI [54], or MPI and BLI
[55]), tumour necrosis (i.e., using SPECT and optical imaging [56][57]), and tracking cancer
cellular processes, such as response to a cancer therapeutic (i.e., using a trimodal BLI technique
[58]). In chapter 2 of this thesis, the viability and proliferation of cancer cells are tracked using

two clinically relevant reporter genes for PET and MRI.

1.2.4 Stem cells
Stem cells (SCs) are undifferentiated cells within multicellular organisms that are characterized

with a long-term capability for differentiation and self-renewal [59]. Stem cells can be classified
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into two types: embryonic stem cells (ESCs), and adult stem cells (ASCs). ESCs are derived from
the inner cell mass of pre-implanted embryos while ACSs can be found in various tissues and
organs [60]. Stem cells are also classified based on their differentiation capabilities as either
totipotent, pluripotent, multipotent, and unipotent. Unlike ESCs, which can differentiate into any
cell type (pluripotent), ASCs are multipotent, meaning are more restricted in their differentiation
capacity (can differentiate into bone, cartilage and fat). Nonetheless, ASCs can develop into all
cell types within one lineage and have had significant applications in the treatment of many
diseases such as autoimmune diseases, multiple sclerosis, rheumatoid arthritis, cardiovascular
disease, Parkinson’s disease, Alzheimer’s disease and spinal cord injury. Due to ethical concerns
and controversial views with ESCs, ASCs are preferred for stem cell therapies [61]. It is also
noteworthy to mention the discovery of induced pluripotent stem cells (iPSCs). In 2006 Shinya
Takahashi achieved a breakthrough in stem cell research through the development of iPSCs from
fibroblasts, which showed similar properties and differentiation capabilities to ESCs, without the

associated ethical dilemmas [62]. However, this thesis will focus on ASCs.

ASCs include hematopoietic stem cells (HSCs), mesenchymal stem cells (MSCs) and neural stem
cells (NSCs). Mesenchymal stem cells are one of the most frequently used multipotent stem cell
types for cell therapy and clinical applications. MSCs are applicable for a wide variety of
pathologies due to unique characteristics they possess. MSCs are trophic and express chemokines
and growth factors, such as transforming growth factor-alpha (TGF-a), hepatocyte growth factor,
epithelial growth factor (EGF), insulin-like growth factor-1 (IGF-1), and vascular epithelial growth
factor (VEGF) to induce proliferation and angiogenesis. MSCs are also immunomodulatory and
can also secrete anti-inflammatory proteins such as interleukin-1 (IL-1), IL-2, IL-12, TNF-alpha

and interferon-gamma (INF-y). This immunomodulatory property is an especially unique feature

15



of MSCs for transplantation as it reduces the chances of transplant rejection [63]. MSCs also
possess anti-apoptotic capabilities which have not been fully elucidated but have been linked to

their ability to secrete IL-6 and IGF-1 [60].

There are many stem cell-based therapies available globally, but only a few cord blood-derived
blood forming stem cell therapies are FDA approved for use in patients with blood disorders [64].
Currently, there are also more than 3,000 trials involving the use of stem cells in the World Health
Organization International Clinical Trials Registry. While stem cell therapies hold promise for
many diseases, the FDA has warned against unapproved stem cell therapies as they may be
associated with potential risks such as ineffective therapeutic outcome, displacement from the

desired site, differentiation into inappropriate cell types, and development into teratomas.

It is not surprising that the potent abilities of stem cells to replenish damaged cells and their wide
applicability to regenerative medicine has led to the enormous interest in better understanding their
mechanisms for self-renewal and differentiation. Innovative labeling and monitoring strategies
have been widely established to track the biodistribution, viability, and proliferation of
transplanted stem cells. The next section summarizes common labeling and imaging techniques

used to track various stem cells.

1.2.4.1 Tracking stem cells

Stem cell therapy in transplant and regenerative medicine has proven to be effective and promising
treatments for many pathologies, as mentioned above. Effective monitoring of stem cells is an
essential step in further advancing these therapies in the clinic since most stem cell-based therapies
are still in experimental stages. There are several hurdles that need to be overcome for these

therapies before routine application in the clinic. Some of these hurdles include: side effects such
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as failure of therapy; immune responses and cell rejection; carcinogenesis; differentiation into an
undesirable tissue type; delivery route of stem cells; and determination of the ideal dose. In
addition, understanding of the biology of stem cells once they are inside the living subject remains

a challenge [63].

Along with the advancements in stem cell research, it is also important to develop appropriate
methods to track these therapies after their transplantation. Non-invasive tracking of transplanted
stem cells provides a means to visualize these therapies to understand their fate and behaviour
inside a living subject. Several non-invasive molecular imaging approaches have been previously
used to follow stem cells after transplantation, such as SPECT, PET, and MRI. In this section, a

summary of different stem cell labeling techniques will be discussed.

Magnetically labeling stem cells with SPIONs for MRI detection has shown several advantages
compared to other imaging modalities. MRI lacks ionizing radiation, can provide soft tissue
contrast which assists in monitoring accuracy of cell delivery to target tissue, and can provide
relatively longer duration of stem cell tracking (days to weeks using iron nanoparticles compared
to the short half-lives of radionuclides such as 6 hours for [**™Tc]-HMPAO and 1.83 h for [!8F]-
FDG) [63]. Furthermore, ionizing radiation of radionuclides can increase DNA damage, stem cell

death, or carcinogenesis.

Directly labeling stem cells with magnetic nanoparticles, Fluorine-19, or Gadolinium agents has
repeatedly shown to not have adverse effects on the survival, migration, and differentiation of stem
cells [63][65][66][67]. The first MRI studies used iron oxide compounds to label stem cells. Iron
oxide particles are frequently used in stem cell tracking as they produce a signal void in T2/T2*

weighted MR images and have shown sensitive single cell detection [27]. Ferumoxytol, which is
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an FDA approved formulation used to treat anemia patients with chronic kidney disease, consists
of a solution of superparmagnetic iron oxide nanoparticles and has been repurposed as an MRI cell
tracking agent due to its biocompatibility and biodegradability. Ferumoxytol has also been shown
to be capable of stem cell detection for weeks to months after transplantation [68]. Castaneda et
al. used the transfection agent protamine sulfate (PS) to improve the uptake of ferumoxytol in stem
cells and showed as few as 10,000 stem cells in T2-weighted MRI [69]. Using heparin in
combination with PS and ferumoxytol to label stem cells has also been shown by Thu et al. and
has improved sensitivity to as few as 1,000 labeled cells on T2*weighted MRI[70]. Importantly,
this nanocomplex contained three FDA approved components which facilitated its use as an MRI
cell labeling probe. Although negative contrast agents are extremely sensitive, they are difficult

to quantify when compared to positive contrast agents [3].

YF is another contrast agent used for MRI cell tracking and has been used in both clinical and
experimental studies. This mechanism is more specific than iron nanoparticles since only labeled
cells are detectable, and there is no detectable endogenous fluorine signal in the body resulting in
little to no background. Perfluorocarbons (PFCs) are compounds containing '°F which have been
shown to not possess toxic qualities, even at high doses. Furthermore, '°F is linearly proportional
to the MR signal which has significant applications in quantifying stem cells after implantation
[71][72]. A study by Gaudet et al. imaged °F labelled human and mice stem cells with MRI at

days 0, 3,9 and 16 after implantation [72].

Gadolinium based contrast agents (GBCAs) are commonly used for TIl-weighted MRI
enhancement. More specifically, gadolinium diethylenetriamine pentaacetic acid (Gd-DTPA) is
the most frequently used Gd agent in MRI examinations. Gd-DTPA is fast in its elimination in

dead or interstitial spaces allowing better separation between viable and necrotic cells. However,
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Gd-DTPA is unable to pass through stem cell membrane and studies have developed efforts in
other Gd-containing compounds to improve cellular uptake. One modification developed was to
complex Gd-DTPA with a positively charged transfection agent called JetPEI, which efficiently
labeled MSCs and allowed their detection for up to 14 days post stem cell transplantation [73].
However, it is important to note that there is no apparent relationship between signal intensity and

the number of injected cells from these Gd agents.

The use of radionuclides for imaging with PET and SPECT has also been used for stem cell
tracking. One of the simplest and most established methods to label and track stem cell distribution
is though in vitro pre-labeling with the glucose analog 2-deoxy-2-['8F]fluoro-D-glucose ([!®F]-
FDG), followed by cell implantation and PET imaging. ['*F]-FDG is taken up and entrapped by
cells allowing PET detection. Nose et al. used this ['®F]-FDG labeling technique to track stem cells
with PET in various species using different administration routes and noted that distribution varied
based on delivery route, highlighting the potential of this technique to optimize stem cell therapies
[74]. Another study by Wolfs et al. wanted to investigate the radiotoxic effects using transmission
electron microscopy and determined that the main cellular ultrastructural properties of MSCs were

not affected by ['*F]-FDG labeling [75].

The use of Technetium®’™-hexamethyl-propylene amine oxime [*™TcJHMPAO for labeling stem
cells is one of the most common methods for SPECT detection. *™Tc is a widely used radiotracer
used in the clinic for scintigraphy in nuclear medicine. [*™Tc¢]JHMPAO is a lipophilic complex
that internalizes inside the cell and converts into a hydrophilic complex to provide stable labeling
of cells for up to 24 hours [76]. Likewise, !!'Indium Oxine ([!!'In]Oxine) has also been used to
radiolabel stem cells and has shown longer SPECT detection (up to 10 days post cell injection)

when compared with [*"T¢c]JHMPAO [76][77].
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While the MRI, PET and SPECT labels have been invaluable for stem cell research, these probes
are not able to report on cell retention of probe, signal loss due to exocytosis and cell division.
Thus, reporter gene tracking of stem cells offers a way to longitudinally track these stem cells and
their progeny. Moreover, reporter genes can be inserted downstream of a specific promotor that

permits gene expression only if the stem cell differentiates into a specific phenotype [78].

Several reporter genes have been used to track MSCs. Sun et al. engineered MSCs with the ferritin
heavy chain (FTH) MRI reporter gene whose expression was mediated by a tumour specific
promoter. This served to report on MSCs that had undergone malignant transformation, which is
a serious limitation of MSC-based therapies [79]. In another study by Wolfs et al., MSCs were
engineered with the human sodium iodide symporter (NIS) and imaged mice with PET post %I
administration to track MSCs and their ability to differentiate in vivo. The observable drawback of
this was the significant efflux of the '?*I, although stem cell detection was still achieved [80].
Optical modalities such as BLI, have been applied in various preclinical applications, including
tracking adipose-derived stem cell distribution in myocardial infarction mouse models [81],
tracking viability and distribution in pancreatectomized mice [82] and tracking activation and

differentiation of transplanted stem cells as they graft [83].

Multi-modal imaging of stem cells is also common. Many studies have combined two or even
three imaging tools to track the biodistribution, viability, proliferation, and differentiation of stem
cells. In one study, the divalent metal transporter 1 (DMT1) was used as a dual-imaging reporter
gene to track human stem cells in a rat brain using ['®F]-FDG and **Manganese with PET and
MRI, respectively [84]. Other studies have incorporated more than one reporter gene to accomplish
multi-modal imaging. Cao et al., transduced murine embryonic stem cells with a triple-fusion

reporter gene consisting of firefly luciferase, red fluorescent protein, and truncated thymidine
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kinase to assess the viability, proliferation and differentiation [85]. Other studies have tracked stem
cells multimodally with direct labeling approaches. Sehl et al., used Ferumoxytol-labeled stem
cells to allow for detection with MRI and MPI. 'F-PFC was also administered intravenously for
uptake by macrophages to show the relative persistence of both stem cells and macrophages using
F-MRI [86]. Alternatively, there have been double and even triple luciferase systems which are
multiplexed and can catalyze orthogonal substrates which enable BLI detection of stem cells
[87][58]. Mezzanote et al., showed the feasibility of using two different luciferase reporter genes
(Luc2 and Renilla Luciferase) for dual color and dual substrate BLI tracking of neuronal stem cells
[87]. In Chapter 3, multi-modal tracking of mesenchymal stem cells was performed with direct

labeling and reporter gene imaging, using MPI, BLI and PET.

1.2.5 Immune cells

Using immune cells for treating a variety of diseases originates from early centuries of history as
evident by the fight against smallpox and cowpox [88]. Since then, immune cells have been
extensively studied to better understand their biological role. Over the last few years, cancer
immunotherapy has been an area of impressive development which has led to novel targets and

breakthrough therapeutic approaches.

Immune cells such as T cells, natural killer (NK) cells, dendritic cells (DC) and macrophages, have
been used to develop various immunotherapies against different pathologies [89][90]. In this
thesis, NK cells were used to develop a cell-based immunotherapy for the treatment of ovarian
cancer. NK cells are large granular lymphocytes that belong to the innate immune system and
function to control microbial infections and stressed or cancer cells. Primary NK cells are derived
from peripheral blood (PB), umbilical cord blood (UCB), or induced pluripotent stem cells (iPSCs)

[91]. Primary NK cells are difficult to isolate and expand but several NK cell lines are well
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established and commercially available with the NK-92 cell line being the most widely used and
first to enter clinical trials [92][93]. The NK-92 cell line is derived from peripheral blood
mononuclear cells from a 50-year-old, white male with rapidly progressive non-Hodgkin's
lymphoma. NK-92 cells are easier to expand, transduce and result in pure population of cells with

less contamination with T cells, when compared with primary NK cells [94].

NK cells are mediated by a set of inhibitory and activation receptors, where inhibitory receptors
such as the inhibitory killer immunoglobulin receptors (KIRs) and NKG2A/CD94 receptors
maintain the inactive state of NK cells via the constitutive recognition of self-MHC class I
molecules, expressed on healthy cells [91]. Activation receptors such as NKG2D, CD16 and
natural cytotoxicity receptors (NCRs) and activating KIRs, result in activation of NK cell through
the recognition of pathogen-encoded antibodies or proteins. NK activation can be accomplished
by several mechanisms. Since MHC-I molecule binding to NK inhibitory receptors inhibit NK
function, a downregulation of MHC-I molecules (a common characteristic seen in cancer cells)
will trigger NK activation due to this missing-self recognition. Another mechanism to activate NK
cells is through their response to proinflammatory interferons (INF-a., -p, -y) or cytokines (IL-12,
IL-15 and IL-18). NK cells can also mediate antibody-dependent cellular cytotoxicity (ADCC)
where the CD16 of NK cells binds to the Fc portion of various antibodies. ADCC can also be
mediated by Fas lignad (FasL) or TNF-related apoptosis-inducing ligand (TRAIL). Upon NK
activation, perforins and granzymes are secreted which will trigger apoptosis in target cells.
Furthermore, chemokines and cytokines as well as granulocyte macrophage colony stimulating

factor (GM-CSF) secreted by NK cells can modulate other immune cell activation.

Although there are several NK lytic mechanisms, cancer cells have evolved different defense

mechanisms to evade NK recognition and killing. Tumour cells can upregulate MHC-I molecule
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expression [95], release immunosuppressive cytokines (IL-10) [96], and downregulate tumour
associated antigens (TAAs) [97]. Thus, NK enhancements to overcome these cancer evasion
mechanisms would enhance lytic functions and improve therapeutic response. One effective
mechanism to enhance NK recognition and killing of tumour cells is through genetic engineering
of a chimeric antigen receptor (CAR). There are a few CAR-based immunotherapies approved by

the Food and Drug Administration (FDA) for the treatment of various hematological malignancies.

CARs are synthetic hybrid receptors that comprise of a variable portion of an antibody with the
constant potion of a T cell receptor. The single chain antibody variable fragment (scFv) of the
CAR is derived from a tumour-specific antibody and serves to target the tumour antigen. Antigen
binding domains in CARs are not restricted to scFv. Some CARs have incorporated ligand-based,
receptor-based, nanobody-based and designed ankyrin repeat proteins (DARPins) for recognition
of tumour cells [98]. The intracellular signaling domain of the CAR is derived from the
immunoreceptor tyrosine-based activation motifs (ITAMs) of the T cell receptor (TCR). Upon
antigen recognition, intracellular phosphorylation of ITAMs recruits signaling molecules to

activate downstream signaling pathways resulting in an immune cell response [99].

There are several generations of CARs with first-generation CARs only containing the CD3§
signaling domain subunit derived from the T cell receptor. First generation CARs were not
effective in fully activating cells or in complete tumour eradication as they lacked intracellular co-
stimulatory domains. Second generation CARs added either CD28, 4-1BB (CD137), ICOS, or
0X40 (CD134) co-stimulatory domains to the original CD3& domain of the first-generation CAR
which improved immune cell activation [99]. In third generation CARs, two co-stimulatory

domains were included in receptor although this did not consistently show an improvement in
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cytotoxicity[91]. However different costimulatory molecules resulted in drastically different
effector functions. For example, CD28 favored effector memory activation which resulted in quick
onset, robust cytolytic performance, and enhanced expansion, while 4-1BB favored central
memory cell differentiation which led to higher persistence, safer profile and less exhaustive
behavior [91]. There are other efforts to build more effective CARs including the development of
CARs to target multiple proteins or TAAs [100][101], CAR-modified immune cells to secrete
enzymes, interleukins or chemokines (Armored CARs) [102][103] , or converter CARs which

convert an immunosuppressive action into desirable proinflammatory functions [104][105].

1.2.5.1 Tracking Immune cells

Traditionally, most of the information acquired on immune cell fate is obtained with flow
cytometry and confocal microscopy [106]. However, flow cytometry is only useful for ex vivo
samples and does not provide spatial information while confocal microscopy is not readily
applicable for real-time in vivo monitoring of cells in deep organs, especially in patients. Recent
advances in non-invasive molecular imaging strategies are aimed to optimize therapeutic efficacy
and maximize safety in preclinical and clinical studies by monitoring biodistribution and

functional changes related to viability, proliferation and migration [106].

Preclinically, BLI has been used to track migration of T cells towards inflammation sites
[107][108]. FLI has also been used to track the migration of dendritic cells into lymph nodes [109]
and track primary macrophages towards inflammation [110]. Optical imaging modalities have also
been used to track NK cells with the use of fluorescence [111] and luciferase reporter genes [38]
in preclinical models. While these optical tools offer high through-put with the potential for single

cell detection, they are limited in spatial resolution, offer poor tissue penetration and are restricted
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to preclinical models [112]. Thus, clinical imaging modalities for cell tracking applications have

been used to track various immune cells with higher clinical potential.

For decades, labeling immune cells, such as white blood cells (WBCs) with '"'Indium and
PmTechnetium has been used to image inflammation with SPECT [112][11][113]. Radiolabeling
immune cells with "®Fluorine [114], ®®Gallium or ¥Zirconium [115] has also been extensively
performed to enable sensitive detection and provide temporal biodistribution information with PET
and have played a vital role in understanding the treatment response. Nuclear medicine imaging
techniques are appealing as they offer highly sensitive information using low radiotracer
concentrations (pmol-umol), provide quantifiable information with unlimited penetration depths
[112]. Reporter gene imaging of immune cells with PET has also been performed with the Herpes
Simplex Virus 1-thymidine kinase (HSV1-tk) being the first to be used in glioblastoma patients as
shown by Sam Gambhir’s group [116]. Martin Pomper’s group also engineered CAR T cells to
express truncated prostate specific membrane antigen (PSMA) which enabled PET detection with
['8F] 2-(3-{1-carboxy-5-[(6-[ 1 8F]fluoro-pyridine-3-carbonyl)-amino]-pentyl } -ureido)-
pentanedioic acid, ['*F] DCFPyL administration [117]. Similarly, Sellmyer’s lab engineered CAR
T cells to express E. coli dihydrofolate reductase enzyme (eDHFR) which enabled PET imaging
with its ¥ Fluorine substrate trimethoprim (TMP) and showed residency of T cells in the spleen
followed by redistribution to targeted lesions [118]. The Somatostatin Receptor 2 (SSRT2) has
been engineered into CAR T cells to permit longitudinal PET tracking of cells and has revealed
biphasic expansion of T cells at tumour sites [119]. The sodium iodide symporter (NIS) was also
engineered on pan-EbB- targeted CAR T cells and showed a 3,000 cell sensitivity with PET when
8F-tetrafluoroborate ('8F-TFB) was administered [120]. NIS- labeled CAR T cells were also

imaged with SPECT/CT when used with ™ Tc-pertechentate [**™Tc]TCO4 [121]. Shortcomings
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of SPECT and PET include the use of ionizing radiotracers and limited spatial resolution (4-5 mm

for clinical scanners [122] and 1.5-2.5 mm for preclinical scanners [123]).

Unlike PET and SPECT, MRI offers exquisite spatial resolution in images without the use of
ionizing radiation. MRI has also been used as a clinical tool to track various immune cells.
Engineered CAR NK cells that target HER2 positive mammary tumours have been labelled with
ferucarbotran and ferumoxides to allow tracking with MRI revealing sensitivity of 250,000 labeled
cells [124]. Moreover, perfluorocarbons (PFC) are FDA approved and have been tagged with
Fluorine-19 to label T, NK and DCs to allow detection with '°F MRI, although this technique

suffers from lower sensitivity using clinical gradient strength scanners [125][126][127][128].

Several multimodal imaging approaches have been performed to track immune cells to provide
more informative results. In 2022, Daldrup-Link’s group developed a clinically translatable
approach for CAR T cell labeling using iron oxide nanoparticles (ferumoxytol) enabling iron-
labeled T cell detection with MRI, photoacoustic imaging (PAI) and MPI. They were able to show
successful homing of T cells to osteosarcomas while preserving T cell proliferation, viability and
function post labeling [129]. While ferumoxytol is FDA approved, it has shown to be associated
with rare but severe anaphylactic reactions. Thus, in December 2022 another group labelled CD70-
targeting CAR T cells with a novel MegaPro-nanoparticles (NP) which showed an improved safety
profile compared to ferumoxytol. These CD70 CAR T cells were also luciferase-expressing,
enabling multi-modal detection with BLI while MegaPro-NP enabled imaging with MRI [130].
Similarly, another study by Simonetta et al., labeled CD19-targeted CAR T cells with a 3°Zr-based
tracer in addition to engineering CAR T cells with luciferase to allow for detection with PET and

BLI, respectively [131].
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While many studies have shown cell tracking of various cell types using one or more imaging
modality, it is important to consider each modality for its strengths and limitations to select the
ideal tool(s) for the desired application. In the following section, a basic overview of the imaging

modalities used in this thesis will be discussed.
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1.3

Imaging Modalities

1.3.1 Positron Emission Tomography

Positron Emission Tomography (PET) is a clinical imaging technique that provides images of
metabolic activity in the body and is widely used in research, monitoring, and diagnosis of many
pathologies. PET is extensively used in oncology to noninvasively monitor and stage tumours,

determine tumour recurrences as well as observe therapeutic treatment outcomes.

1.3.1.1 Introduction to PET

For image acquisition, patients are injected with a radioactive agent, or a radioatracer, which is
designed to target specific cells or tissues of interest in the body. Radiotracers are composed of a
positron-emitting radionuclide in conjugation with a targeting moiety. The most frequent positron-
emitting radionuclides used in PET include 'O, *N, ''C and '8F, while less commonly used
radionuclides include '*O, %*Cu, ©*Cu, '**I, "°Br, 2Rb (rubidium) and %®Ga (gallium), most of
which are produced in a cyclotron, except for 32Rb and ®®*Ga which are produced with a
radionuclide  generator [32]. By far, the most frequently wused radiotracer is
['8F]Fluorodeoxyglucose, ['*F]FDG, a radioactive glucose analog that reports on sites of abnormal
glucose metabolism, a characteristic of typical tumours, termed the Warburg Effect [30]. Typical
administered activity is about 10'3-10'° labelled molecules. Inside a patient, the positron emitting
radionuclide will emit high-energy photons that can escape the body and be detected by a PET

scanner.

PET takes advantage of radionuclides that decay through positron emission. When a nucleus is
unstable (contains either too many protons or too many neutrons), it will undergo a decay process

to achieve a more stable configuration. In the case of proton excess in the nucleus, a proton will
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be converted into a neutron releasing a positron () and a neutrino (v) in the process (eq.1) [132].

Positron emission decay is the basis for PET imaging.

Parent —» Daughter +e* +v Eq.1

In accordance with the law of conservation of energy, the energy released by this process is shared
between the resulting daughter nucleus, the positron and the neutrino, giving the emitted positron
a range of energies possible energies up to a maximum endpoint Emax. The mean kinetic energy of
the positron however is about 33% of the maximum energy [132]. After the positron is ejected, it
quickly loses its kinetic energy within electron rich tissue, increasing the probability that it will
combine with an orbital electron in the tissue. Their masses are converted into electromagnetic
energy in a process known as electron-positron annihilation. This results in a combined energy
release of 1022 keV. Conservation of momentum results in the division of this energy among two
annihilation photons, each with 511 keV, travelling roughly 180° apart. It is the two annihilation
photons with their precise geometric relationship that are detected by the PET scanners. This

process is shown in figure 1.3.1.1 (E) below.
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Figure 1.2: (A) A cyclotron or a generator is required for the production of radioactive nuclei
which are conjugated with targeting molecules to produce radiotracers (B). Radiotracers injected
into patients prior to imaging with PET (C & D). The PET scanner contains a ring of scintillation
detectors (E) which can detect the 511 keV photons emitted 180° apart resulting from the
annihilation of the positron and electrons (present within the tissue) (E). The positron emitted
travels a small distance before combining with an electron. (F) Detector component showing the

array of scintillation crystals coupled with the position-sensitive photomultiplier tubes (PMTs).
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A PET scanner is designed to collect the simultaneous back-to-back annihilation photons emitted
by a radionuclide from a subject. A typical small-animal PET scanner, such as the one used in this
thesis, contains a detector ring which comprises 16 detector blocks, each of which contains a row
of four lutetium oxyorthosilicate (LSO) detectors, for a total of 64 detectors, with a 16.1-cm ring
diameter and a 12.7-cm axial length. Each detector block consists of a 20 by 20 LSO crystal array
of 1.51 by 1.51 by 10.0 mm elements. When thousands of annihilation photons are incident on a
specific crystal, the software can map the detected photon to the physical location of the respective
crystal. Scintillation detectors respond to the absorption of photon energy by emitting visible light,
facilitated by impurities within the crystals that alter the energy levels of electrons. This light
output is then incident on a photomultiplier tube (PMT), where the visible light is converted to an
electronic signal. It is the size of the scintillation crystals that primarily determines the spatial
resolution of the PET scanner. Preclinical PET scanners have typical spatial resolutions of 1-2 mm
in contrast to approximately 1 cm spatial resolution of clinical scanners [133]. In a typical scan,
10 to 10° decay events are detected. Mathematical algorithms then construct the corrected events
into 3-D image volume. The signal intensity in a particular voxel is proportional to the amount of
radionuclide in that voxel, allowing the spatial distribution of radiolabeled tracers to be
quantitively measured. The standardized uptake value (SUV) is a measure of relative tracer uptake
in a region of interest and can be calculated based on the precise knowledge of the injection dose,
time of injection and weight of the subject [134]. If a series of images are taken over time, the
concentration of the radiolabelled molecules as a function of time, can be measured and the rate

of specific biological processes, such as cancer, can be determined [132].

While PET has demonstrated high accuracy in diagnosing a variety of infections and inflammatory

diseases, it also presents some limitations. Stand-alone PET scanners do not include anatomical
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information, and only report on the concentration of radiotracer, which results in difficulty in
localizing lesions. Thus, hybrid PET systems typically combine PET with computed tomography
(CT) or MRI, which are imaging modalities that complement PET’s metabolic information with
their high-resolution anatomical information. Another limitation of PET, is that since all
radionuclides, independent of the element, result in the emission of 2 photons at the same
distinctive energy of 511 keV, it is impossible to distinguish two molecular probes for multiple
radionuclide studies [132]. Furthermore, due to the use of radioactive tracers, patients receive
radiation exposures. Therefore, it is important for clinicians to evaluate the risks and benefit for
each patient prior to performing PET imaging. It should be noted that for most oncological PET
indications, the benefit to the patient outweighs the risk of radiation exposure[135]. PET is also
relatively more expensive when compared to other imaging technologies. Another limitation of
PET is its reduced accessibility in hospitals and clinical settings. There is also the requirement for
anearby generator or cyclotron for production of the short-lived radiotracers, making imaging with

PET relatively less feasible compared to other modalities.

1.3.1.2 PET reporter genes

Radiotracer labeling of cells in vitro has been the most translatable for cell tracking due to its
technique simplicity, sensitivity (with cellular detection limit of 100,000-1,000,000 cells [136]),
and a plethora of labeling probes for nuclear medicine have been reported. Despite this, probe
labeling of cells is a technique that is limited to short-term cell tracking as the probe will dilute
when cells proliferate resulting in reduced imaging signal that is no longer an accurate reflection
of cell number, and eventually over time, a non-detectable probe signal. This limitation restricts
probe cell labeling techniques to short-term studies for dividing cell populations and could be more

useful for non-proliferating or terminally differentiated cell types. Alternatively, genetic
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engineering of cells with PET reporter genes that are passed on to daughter cells, allows for long-

term cellular tracking.

By far, the herpes simplex virus type 1 thymidine kinase (HSV1-tk) gene and HSV1-sr39tk, its
more potent mutated derivative, have been the most used PET reporter genes [7][8]. These viral
kinases were originally developed to serve as therapeutic genes as they are able to phosphorylate
nucleoside analogues or prodrugs, such as acyclovir, ganciclovir, and penciclovir, administered at
pharmaceutical doses [137]. Later, they were utilized as PET reporter genes by radiolabeling the
nucleosides, most commonly 9-(4-(18)F-Fluoro-3-[hydroxymethyl]butyl) guanine, ['*F]-FHBG,
2’-fluoro-2’-deoxy-1B-D- arabinofuranosyl-5-['**IJiodouracil, ['>*I]-FIAU, and 2'- [18F]fluoro-5-
ethyl-1-beta-D-arabino-furanosyluracil, ['F]-FEAU, and administered at non-pharmaceutical
doses to allow for PET detection [139]. This reporter gene system has been in development for
over 20 years, and more recently the Gambhir group and colleagues were first to report its use for
cell based immunotherapy tracking in patients [116]. A major concern for reporter proteins such
as the virally-derived HSV1-tk is the non-human origin, which has the potential to trigger an
immune response and induce the death of therapeutic cells [140]. This propelled the interest and
development of human-derived reporter systems for cell tracking. Doubrovin et al. utilized the
human norepinephrine transporter (WNET) as a PET reporter gene to track T cells with both SPECT
and PET using a clinical grade metaiodobenzylguanidine (MIBG) tracer radiolabeled with either
['21] or ['2*] [141]. Another PET reporter gene with human-origin is somatostatin transporter 2
(SSRT2), which has limited background expression in the kidneys and cerebrum, making it
desirable for detection and tracking cell therapies targeting a variety of tumours [142]. SSRT2 can

also serve as a suicide gene when administered with high-energy radioisotopes such as !"’lutetium,
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%0 yttrium, or 2'*bismuth, which would result in the destruction of cell therapeutics in case of cell

toxicity.

The prostate-specific membrane antigen (PSMA) has also been used as a human PET reporter
gene. PSMA is a transmembrane protein that possesses many properties that make it a desirable
PET reporter for cell tracking. It has low background since it is primarily expressed in the prostate,
the proximal tubules of the kidney, and the brain. Truncated versions of PSMA have also been
developed to prolong PET probe binding and increase imaging sensitivity, showing a detection

limit of approximately 2000 cells [117].

Another PET human reporter gene is the human sodium iodide symporter (NIS). NIS is
endogenously expressed in the thyroidal tissue, stomach, as well as the salivary glands and
functions to actively uptake iodide for thyroid hormone production (T3, T4) [143]. This symporter
belongs to a family of more than 60 members in both prokaryotic and eukaryotic species with very
high genomic sequence similarity as well as functionality. NIS, as well as many other family
members, use an electrochemical Na+ gradient to drive negatively-charged solutes, such as iodide,
into the cytoplasm. Radioiodines, such as %I and 241, as well as *™Technetium (*™Tc) have been
used for thyroidal imaging of NIS for over half a century [144]. This mechanism inspired the
development of NIS as an imaging reporter gene systems for detection with PET and SPECT
[145][146][147]. In addition to being a reporter gene, NIS also has the potential to serve as a
therapeutic gene when administered with 13'1, 186Re, ¥8Re, 21! At [112]. NIS detection with SPECT
can also be accomplished by *™TcO4™ radiotracer administration [121]. Imaging of NIS using '2°I
or *™T¢ showed limited resolution and sensitivity in detecting low volumes with SPECT, while the

use of 12*] for NIS/PET detection showed limitations in availability and possess physical properties

that are unfavorable, such as complex production, a longer than clinically necessary half-life,
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which leads to a larger absorbed dose, low positron yield (23%), as well as high positron energy
(Emax=2.14 MeV) [144]. Thus, the readily available '*Fluorine ('®F) which has a high positron
emission yield (97%), a low positron energy (Emax=0.634 MeV), and a clinically-compatible half-
life of 110 minutes, is a much more desirable radionuclide for NIS imaging. '8F-tetrafluoroborate,
['8F]TFB, was developed in the early 1960’s, before the cloning of the NIS gene, and only in the
21% century did it make its way into the clinic with the first ['*F]TFB human studies taking place
in 2017 [145]. Since then, several studies have used ['*F]TFB for imaging NIS with PET for cell
tracking applications [147][148][149][150]. In this thesis we exploit the NIS with ['3F]TFB for

cell tracking with PET.

1.3.2 Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI) is a non-invasive clinical imaging technology that produces
3D high-resolution images, with detailed anatomical information for a variety of medical
applications. MRI has applications for disease diagnosis, detection and treatment monitoring [151]
[152]. Many groups have also used MRI for cell tracking applications [153][154][155]. The

following section provides an overview of the fundamental basis of MRI and MRI reporter genes.

1.3.2.1 Introduction to MRI

MRI depends on the magnetization of atomic nuclei exposed to radiofrequency (RF) pulses within
a large magnetic field. The most frequently used nuclei for conventional MRI is the proton ('H).
There are other less frequently used nuclei for MRI such as *He, 1°C, 1°F, 2*Na, and 3'P [156]. Each
of these nuclei have different nuclear charge distributions, giving rise to a physical property known
as a magnetic dipole moment. When placed in an external magnetic field, Bo the magnetic dipole
moments precess around the magnetic field direction. The angles of the cones of precession are

slightly skewed along By leading to a net magnetization vector (Mo) along the direction of Bo. The
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nuclei precess about Bo, with a frequency known as the Larmor frequency, ®, modelled by the

following equation:

o=7,.B, Eq. 1.3.2.1 [156]

where vx is the gyromagnetic ratio for a given nuclei and is proportional to the nuclei’s magnetic
dipole moment. For protons, y is 42.575 MHz/T, which is the largest y amongst nuclei that might
be considered for MRI. When an RF pulse at the Larmor frequency is applied to the ensemble of
precessing nuclei, this causes Mo to be tipped away from By so that they are no longer aligned. In
addition, the excited net magnetization precesses around Bo. In this way, the longitudinal
magnetization (Mo) is tipped into the plane transverse from the magnetic field. In a rotating
reference frame at the Larmor frequency, the resulting transverse magnetization M looks
stationary but soon seems to spread out as it is composed of individual spins rotating at slightly
different Larmor frequencies due to small differences in their local magnetic fields. This
“dephases” M; causing an exponential decrease in its magnitude. At the same time, the net
magnetization of the sample is re-growing along Bo. It is the precession of the transverse
magnetization around Bo, which results in detectable MRI signal. Tissues are characterized by two
different relaxation times. The spin-lattice (longitudinal) relaxation time, T1, is the time constant
which characterizes the asymptotic regrowth of the longitudinal magnetization after excitation by
the RF pulse. More precisely, T1 is defined as the time it takes for the net magnetization (M,) to
reach 63% of the final magnetization My. T2 is the transverse relaxation time constant, also called
spin-spin relaxation, which characterizes the exponentially dephasing of the transverse

magnetization. By definition, T2 is the time it takes for the transverse magnetization to be reduced
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to 37%. Various tissue types, such as fat, water and bone have different T1 and T2 relaxation rates

which allows their distinction and produces contrast on the MR image [151].
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Figure 1.3: A depiction of a clinical MRI scanner including the magnet,

time ——>»

the gradient coils, and

radio frequency coils (A). A radiofrequency pulse will tip the longitudinal magnetization, M, away

from the magnetic field direction and onto the transverse (xy) plane. When the RF pulse is

removed, the magnetization vector (Mxy) will dephase and re-align with Bo. The re-alignment, or

relaxation is termed longitudinal relaxation, or T1 relaxation and corresponds of the time required

for M; to grow to approximately 63% of its final Mo value (C.). Spin-spin relaxation, or T2

relaxation corresponds to the time required for Myy to decay to approximately 37% of the initial

values.
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Generally, MR images are acquired to highlight differences of tissues related to their intrinsic T1
and T2 values. These images are said to be either T1- or T2-weighted. T1-weighted scans are
predominantly resultant from T1 properties of tissue, where tissues with short T1 values (such as
fat), appear bright due to their quicker magnetization recovery, while tissues with long T1 values
(such as water or air) appear dark. T2- weighted images are determined by T2 tissue properties,
where tissues with short T2 (such as fat) appear dark and tissues with long T2 (such as
cerebrospinal fluid) appear bright. T1-weighted images and produced by using short time to echo
(TE) and Repetition Time (TR) times. TE is the time between the RF pulse delivery and the
reception of the echo signal, while TR is the time between successive RF pulse sequences applied

to a slice [151]. Conversely, T2-weighted images result from using longer TE and TR times.

MRI contrast agents containing gadolinium or other paramagnetic contrast enhancement agents,
such as manganese, can be used to further improve contrast on T1-weighted images. These agents
work by shortening the T1 relaxation of protons within the vicinity which results in hyperintense
regions on the MR image leading to enhanced contrast. Paramagnetic gadolinium (III) chelates are
effective contrast agents due to their unpaired electrons which confer a magnetic moment that
confers a high relaxivity to this agent and allowing it to effectively decrease the longitudinal
relaxation time (T1) of neighboring tissue to enhance contrast. While many clinical and pre-
clinical MRI agents are available, in this work we use a clinically approved agent called,
gadolinium ethoxybenzyl diethylenetriamine pentaacetic acid (Gd-EOB-DTPA), clinically known

as Primovist ® (Bayer, Inc. Germany).

1.3.2.2 MRI reporter genes
Several MRI reporter genes have been developed to enable longitudinal tracking of different cell

populations in vivo. MRI reporter genes include genes that translate to enzymes which undergo
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catalytic reactions to produce MRI contrast, genes that translate to cell membrane transporters
which can uptake contrast agents, or genes that sequester endogenous compounds to produce MR
contrast [112]. The majority of MRI reporters rely on negative contrast, or hypointense regions to
distinguish labelled cells within the MR image. Such MRI reporter genes include ferratin [157],
transferrin [158], tyrosinase [159], and bacterial magnetosomes, magA, genes [160]. The main
obstacle with reporters that generate negative contrast on the MRI, is the difficulty in defining
labelled cells within regions that are naturally dark on MRI (lungs, lymph nodes). Alternatively,
positive contrast MRI reporters have been developed and can overcome this limitation, including
a B-galactosidase enzyme [161], a divalent metal transporter (DMT1) [162], and organic anion
transporter polypeptides (OATPs) [163]. In this thesis, a specific OATP is used as an MRI reporter

gene to enable complementary multi-modal imaging to track cancer cells.

The Organic Anion Transporter Polypeptides are a superfamily of transporter proteins that are
expressed on a variety of tissues (liver, kidneys, intestines, brain, and testes ) to mediate the uptake
of endogenous and exogenous compounds, including hormones and drugs [164]. In humans, the
exclusive expression of the OATP1B3 on the membrane of hepatocytes, has been exploited for
MRI liver imaging via its uptake of the clinical MRI contrast agent Primovist ® (Bayer) [165].
The analogous rat-derived OATP1A1 transporter was first developed into an MRI reporter system
which enabled cell tracking of OATP1A1-expressing cells post gadolinium administration, leading
to enhanced contrast on T1-weighted MRI [163]. Other groups extended this mechanism to the
OATPIB3 for use as an MRI reporter gene [166][167]. OATP1B3 is advantageous over
OATP1A1l mainly due to its human-origins, limiting immunogenic effects. Furthermore,

OATPI1B3 can uptake several other imaging agents, such as indocyanine green and Indium-111 to
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enable detection with photoacoustic imaging [168] or SPECT [163], respectively. In chapter 3,

breast cancer cells are engineered to express OATP1B3 to enable their detection with MRI.

1.3.3 Bioluminescence Imaging

Bioluminescence imaging (BLI) is a sensitive optical imaging technique that refers to the process
of detecting light emissions from living organisms [17]. This technique, first described in 1995
[169] as a powerful tool for molecular imaging, has enabled non-invasive, real-time imaging of
biological processes in vivo at relatively low cost. BLI technology has been extensively used to
monitor tumour progression and metastasis, transgene expression, infection, gene therapy, as

well as track a variety of different cell types [170][171][172][173][174].

1.3.3.1 Introduction to BLI

BLI signal results from visible light that is produced by a catalytic reaction between an enzyme
and a substrate. More specifically, oxidation of the substrate (luciferin) mediated by the enzyme
(luciferase), emits detectable light peaking at 612 nm, enabling imaging as deep as several
centimeters (figure 1.2.2.3 A) [169]. Furthermore, the catalytic reaction is dependent on the

presence of ATP and magnesium ions, resulting in specific detection of viable cells.

Since BLI does not require excitation photons, rather an oxidation catalytic reaction cause an
electronic excitation that relaxes to result in photonic emissions, minimal background signal is
observed in BLI as signal is only generated through enzyme/substrate catalysis. While there may
be spontaneous substrate emissions, they are negligible compared to the expected emissions from

typical substrates used, resulting in high signal-to-noise ratios [175].
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To enable detection of cells with BLI, cells are first genetically modified to stably express a BLI
reporter gene. Transgenic cells are then implanted into a pre-clinical model. Upon substrate

administration, the catalytic reaction will result in a BLI detectable signal (figure 1.2.2.3 B).
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Figure 1.4: (A) The oxidative catalytic reaction of luciferin mediated by luciferase in the presence
of ATP, oxygen and magnesium to produce oxyluciferin, PPi, carbon dioxide, AMP, and
bioluminescent light (600nm). (B) Cells are genetically modified to incorporate a luciferase gene,
expanded and injected into a preclinical model. Upon administration of the compatible substrate
(D-luciferin), detectable signal is produced and imaged with BLI. (C) The light-tight enclosure
containing the CCD array required for photon to electron conversion, and photon spatial

localization connected to a computer for image acquisition and interpretation.
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The sensitivity of detecting the emitted photons depends on several factors, including the
expression levels of the reporters, the depth of the labelled cells in the model (travelling distance
of photons), as well as the sensitivity of the imaging system. Typical BLI detection systems involve
a bench-top light-tight box containing a sensitive charged coupled device (CCD) imaging sensor
which can detect bioluminescent photons. CCDs convert emitted bioluminescent photons into
photoelectrons in the photoactive region of the sensor. The array of photoelectrons are read out by
shift registers and converted to a voltage signal for digitization. CCDs are typically cooled to
reduce their thermal noise and reduce image background signal. These imaging sensors are

connected to a computer for image acquisition, reconstruction, and analysis (figure 1.2.2.3 C).

While BLI is successful in many molecular imaging applications, there are some limitations
associated with this modality. One major limitation is the wavelength-dependent detection of
emitted photons through the animal tissue. Generally, a 10-fold loss of photons occurs with every
centimeter depth of tissue [17]. This results in less detection of photons coming from deeper tissue
and brighter signal from light closer to the surface. Bioluminescent light can also be attenuated,
through absorption (mainly by hemoglobin) and scatter by surrounding tissue, leading to reduced

detectable signal and spatial location.

It is also important to consider the biochemical limitations of BLI. Due to the oxygen and ATP-
dependent catalytic reactions, insufficient availability of any of the reagents or administered
substrate, via reduced vascularization and poor oxygenation, can result in an underestimate of true
signal, providing semiquantitative information. Furthermore, the non-human derivation of these
BLI reporters may pose immunogenicity effects [176]. These restrictions limit BLI imaging to
preclinical applications and severely hinder the translatability of BLI reporters into clinical

settings.
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1.3.3.2 BLI reporter genes

Many bioluminescence reporters (enzyme and substrate pairs) have been identified in natural
biological systems. The first discovered BLI reporter is Firefly Luciferase (Fluc), derived from the
North American firefly (Photinus pyralis). Other BLI reporter systems have been derived from
organisms including jellyfish (Aequorea), sea pansy (Renilla; RLuc), corals (Tenilla), and click
beetle (Pyrophorus plagiophthalamus). While Fluc is the most commonly used reporter with an
emission peak at 612 nm at 37°C and a quantum yield of 0.41, it has a low oxidation catalytic rate
of 1.6 reactions per second [175]. For in vivo imaging, emission above 600 nm is ideal as longer
photons avoid absorption by hemoglobin and enable deep tissue imaging. NanoLuc (Nano
Luciferase), on the other hand, is derived from shrimp Oplophorus and has a catalytic rate that is
approximately 100 times faster than Fluc, but has peak emission at 460 nm. An ideal luciferase
would combine high enzymatic rates, red shifted emissions for deep tissue imaging, and produce
optimal brightness. Akaluc (Aka Luciferase) and its substrate Akalumine-HCI were engineered
from Fluc and D-Luc, respectively to produce more sensitive BLI signal. Akalumine-HCI is an
analog to D-Luciferin while Akaluc is a mutated version of Fluc, resulting in significantly higher
signal (52-fold more sensitive than Fluc) [177]. Akalumine-HCI catalysis results in emitted light
in the near-infrared range (650 nm) resulting in better detection from deeper tissues, compared to
blue and green photon-emitting substrates [177]. Fusion of luciferase-luciferin pairs with electron
accepting molecules, such as fluorescent proteins, is a rapidly growing area of research which
enables deep tissue imaging of living subjects. Bioluminescence Resonance Energy Transfer
(BRET) is the transfer of energy between luciferase-luciferin pairs and an energy accepting
chromophore to develop red-shifted fusion proteins that are less affected by light attenuation and

scattering [178]. An example of such fusion is Antares, a fusion protein of two orange-red
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fluorescent proteins, CyOFP1, to a blue-emitting luciferase, NanoLuc. Antares enables sensitive
and deep tissue BLI tracking in-vivo when administered with its optimized substrate

fluoroflurimazine (FFZ).

1.3.4 Magnetic Particle Imaging

Magnetic Particle Imaging (MPI) is an emerging non-invasive imaging technology that was first
introduced by Gleich and Weizenecker in 2005 [179]. While MPI uses similar hardware to that of
MRI, the physics and imaging concepts are different. MPI has been very promising in molecular
imaging applications due to its ability to directly quantify and map the distribution of
nanoparticles. MPI has been used for disease imaging and monitoring in applications including
cardiovascular[180], lung perfusion imaging [181], cancer diagnosis [182], and stem cell
labeling[183]. The next section discusses the basics of MPI, and different probes used in MPI cell

tracking.

1.34.1 Introduction to MPI

MPI uses external magnetic fields to exploit the unique properties of superparamagnetic iron oxide
nanoparticles (SPIOs) to produce 3D images of high contrast and high sensitivity with high spatial
and temporal resolution [184]. Although magnetic nanoparticles are primarily used to shorten T2
relaxation rates in MRI to produce hypointense contrast (as mentioned in section 1.3.2), SPIOs
can be exploited for their superparamagnetic characteristics to produce positive contrast in MPI.
Furthermore, endogenous tissues are diamagnetic and thus appear transparent in MPI. This results
in “hot spot” tracer detection of SPIO-labelled cells only to produce an image with virtually no
background and excellent positive contrast, similar to radiotracer detection in nuclear medicine

[185].
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MPI is composed of two permanent opposing magnets which produce a strong magnetic field
gradient everywhere besides a single field free point (FFP). In response to the non-zero externally
applied magnetic field, SPIOs produce a nonlinear magnetization, as a result of their higher order
harmonics of their excitation frequency, and are considered “‘saturated”. However, nanoparticles
within the field free region (FFP) are unsaturated and will generate harmonics that contribute to
the MPI signal detected since the receiver coil can only detect time-varying magnetizations and
thus only SPIOs in the FFP are detected. To cover the imaging field of view (FOV), the FFP rapidly
scans throughout the sample to generate a full tomographic image of SPIOs distribution [186]. The
MPI signal is proportional to the nanoparticle concentration which results in a quantitative image

of nanoparticle distribution.
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Figure 1.5: (A) MPI preclinical scanner. (B) Two opposing magnets generating a strong magnetic
field gradient and a field free point (FFP). (C) SPIO magnetization produces a nonlinear (Langevin
function) response to the magnetic field gradient. The unsaturation of the SPIOs in the FFP is
detected by the receiver coil to generate the MPI signal. The MPI signal is modeled by a point

spread function (derivative of the Langevin function). Figure adapted from [187].
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The image quality of other medical imaging technologies, such as MRI and CT, heavily relies on
the hardware as well as the reconstruction algorithms. However in MPI, the characteristics of the
nanoparticles (such as the core size, size distribution, anisotropy of the magnetic core, and the
surface modification), in addition to the strength of the magnetic field gradient, govern the spatial

resolution and the sensitivity of MPI [188].

Compared to paramagnetic agents, such as gadolinium (III), SPIOs have a larger effect on MRI
relaxivity which enables the detection of lower concentration of cells relative to gadolinium-
labeled cells. In fact, studies have shown single cell detection using SPIOs for cell labeling [189](.
SPIOs cause inhomogeneities in the local magnetic field and affect spin-spin dephasing, leading
to shortening of T2/T2* relaxation times, resulting in negative contrast on T2 weighted MRI. Iron
oxide particles come in different sizes, ranging from 10-50 nm (ultrasmall superparamagnetic iron
oxides; USPIOs), to 50-100 nm SPIOs and up to >1 um (micrometer-sized iron oxides; MPIOs).
SPIO magnetization gradually increases with nanoparticle core size, up until a point of a sharp
decrease. Larger nanoparticle core diameters result in a steeper magnetization curve which leads
to better spatial resolution. However, the size distribution properties are also crucial factors for the
spatial resolution of MPI, where a monodisperse and narrow size distribution for the entire
nanoparticle ensemble produces higher MPI signal and better spatial resolution and SNR [190].
Magnetic anisotropy of SPIOs also influences the performance of SPIOs in MPI, where high
anisotropy may diminish the performance and low anisotropy may enhance it. Surface
modifications, such as coatings that form a barrier between the physiological environment and the
hydrophobic nanoparticle cores, also serve to enhance MPI image quality. These coatings also

contribute to the blood half-life and biodistribution of SPIOs (smaller hydrodynamic core results
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in increased half-life) to ensure optimized core performance for relevant in vivo systems (such as

prevent rapid clearance for steady state imaging) [191].

1.3.4.2  MPI Probes

Most SPIONs for MPI are preclinical, with the exception of the FDA-approved MRI contrast
agents Resovist®, Feridex®, and Endorem® [192]. Due to their slower renal clearance and higher
relaxation values, in comparison to gadolinium-based contrast agents (GBCAs), SPIONs are more
favorable for imaging applications. Resovist was the first probe used for MPI which resulted in
two-dimensional images with a very high spatial resolution but at the cost of its sensitivity and is
used as the reference tracer for other probes in development. Resovist, with median diameter of 5
nm and a size distribution of ¢ = 0.37 nm, similar to Feridex®, only contributed to 3% of MPI
signal which was a result from nanoparticle ensembles of 30 nm diameter, making these SPIONs
far from ideal for MPI. Thus, nanoparticle size optimization has been integral in improving MPI
sensitivity [190]. Magnetite nanoparticles, with a size of 20 nm core diameter and ¢ = 0.26
performed at 4 times higher sensitivity than Resovist [190], while iron oxide nanoparticles micelles
(ION-Michelles) outperformed Resovist® in spatial resolution by a factor of 4-6 [179]. Another
SPION available for MPI is Synomag®-D which has shown better performance compared to
Resovist® [193]. Synomag®-D has been previously used for in vivo tracking of erythrocytes and
cancer cells [194][195]. Synomag®-D, with a mean core diameter of 28.6 nm and ¢ = 9.4, contains
heterogeneous nanocrystal clusters and is polyethylene glycol (PEG)-coated, to prolong its
circulation time [193]. In this thesis, Synomag®-D was used for stem cell labeling to allow cell

tracking with MPL.
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1.3.5 Multi-modal imaging

Multi-modal imaging is the use of multiple imaging modalities which has been used for several
applications. In this thesis, multi-modal imaging for cell tracking applications will be discussed.
Multi-modal imaging provides a particularly beneficial advantage of providing comprehensive
information of labelled cells as harnessing the strengths of different modalities can be maximized.
Multimodal tracking of cells can be accomplished by either using a single label that is detectable
by multiple imaging technologies, or by combining different labeling probes or tracers [196].
Typical modalities used for cell tracking include SPECT, PET, MRI, FLI and BLI. Nuclear
medicine modalities (SPECT and PET) require the use of radiolabeled tracers, such as '''In
and *™Tc for SPECT and %Zr and '®F for PET [196][77][197]. While nuclear medicine imaging
techniques provide sensitive and quantitative information, the radio-labelled probes result in
radiation exposure and dose administration for repeat imaging is tightly regulated. MRI does not
use radiotracers, but rather iron oxide nanoparticles (IONs), gadolinium (Gd)- or manganese (Mn)-
based contrast agents to generate contrast. It is important to note that MRI contrast agents are also
regulated and are not officially approved for cell labeling. MRI cell tracking studies that have used
YF for cell labeling have shown quantitative tracking but limitations with respect to sensitivity
while imaging with IONs have can be very sensitive and have shown single cell detection [198].
Finally, optical-based techniques such as FLI and BLI are the most frequently used owing to their
ease of use. These techniques are limited by their depth penetration and are thus limited to
preclinical models with low potential for translatability in humans. The use of fluorescent proteins
is well established and in addition to FLI, is useful for microscopy and flow cytometry. Thus, it is
common to combine fluorescence with other imaging techniques. Multimodal imaging serves

several roles. By combining modalities and/or probes and understanding their strengths and
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1.4

shortcomings, allows better and accurate interpretation on cell fate. For example, the presence or
absence of a label used to directly label cells may not accurately represent live cells, whereas
reporter gene imaging reports only on viable cells. Several combinations of modalities are
common. For example, MRI can be used for its spatial resolution in combination with SPECT for
its quantification strengths. This has been performed in the clinic to track dendritic cells in
melanoma patients [13]. Additionally, the use of an established labeling and imaging technique is
essential for developing novel labeling agents and technologies. Thus, combining an established
modality with an emergent one allows for comparisons and enables optimizations required for
further development. Multimodal imaging also has significant roles for cellular therapy and many
studies have demonstrated the importance of multimodal imaging for cellular therapy optimization

[13][199][200][201].

Purpose of thesis

1.4.1 Rationale

As discussed, there are many direct and indirect cell labeling techniques that have been historically
used for non-invasive imaging of various cell types. This has advanced the field of molecular
imaging by providing information on the in-vivo biodistribution, trafficking, proliferation, and
viability of labeled cells, in both preclinical and clinical applications. The purpose of this thesis
was to combine, develop and evaluate various cell labeling approaches, including both direct and
indirect labeling techniques, to non-invasively track cancer, stem and immune cells, in a multi-

modal imaging approach.
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1.4.2 Hypotheses

In Chapters 2-4, novel multi-modal imaging approaches are investigated for tracking cancer, stem

and immune cells. The below three hypotheses will be investigated:

1. Breast cancer cells engineered to express human-derived MRI and PET reporter genes can be
non-invasively visualized, post administration of their compatible imaging probes/tracers. This
system is highly translatable, combining complementary information from PET (sensitivity and

quantification) and MRI (high tissue contrast and intratumoral spatial information);

2. Mesenchymal stem cells (MSCs), directly labeled with a SPIO, and engineered to express a
PET reporter gene can be detected with MPI and PET, respectively. Complementary information
to provide superior sensitivity at early time points post MSC-injection can be accomplished by

MPI, while PET provides longitudinal imaging of MSCs.

3. Natural killer cells, engineered to target and kill HER2 positive ovarian cancer, and co-
engineered to express a PET reporter gene can be effective against ovarian cancer lysis and be

visualized with PET, respectively.

1.4.3 Overview of studies

This thesis aims to extend the field of molecular imaging by using different multi-modal imaging
techniques. Chapter 2 is the first study to report on a PET and MRI multi-modal imaging approach
for cell tracking, using human-derived reporter genes, and clinically-used imaging probes. This
chapter has been peer reviewed and published: Shalaby, N., Kelly, J., Martinez, F., Fox, M., Qi,

Q., Thiessen, J., Hicks, J., Scholl, T., Ronald, J. A Human-derived Dual MRI/PET Reporter Gene

System with High Translational Potential for Cell Tracking. Molecular Imaging and Biology. 2022

Apr;24(2):341-351. Chapter 3 is the first study to combine MPI and PET for multi-modal detection
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of stem cells to provide complementary information on stem cell fate for a duration of 30 days
post injection. This chapter has been peer reviewed and published: Shalaby, N., Kelly, J., Sehl, O.,
Gevaert, J., Fox, M., Qi, Q., Foster, P., Thiessen, J., Hicks, J., Scholl, T., Ronald, J.

Complementary early-phase magnetic particle imaging and late-phase positron emission

tomography reporter imaging of mesenchymal stem cells in vivo. Nanoscale. _2023. Jan;

26(15):3408-3418. Chapter 4 integrates a multi-modal imaging approach in a cancer
immunotherapy, CAR-NK therapy, used to treat a HER2 positive ovarian cancer model. CAR-NK
cells were co-engineered to express BLI and PET reporter genes to enable multi-modal imaging.

This chapter is currently being prepared as a manuscript for journal submission.
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CHAPTER 2

A Human-derived Dual MRI/PET Reporter Gene System with High
Translational Potential for Cell Tracking

Reporter gene imaging has been extensively used to longitudinally report on whole-body
distribution and viability of transplanted engineered cells. Multi-modal cell tracking can provide
complementary information on cell fate. Typical multi-modal reporter gene systems often combine
clinical and preclinical modalities. A multi-modal reporter gene system for magnetic resonance
imaging (MRI) and positron emission tomography (PET), two clinical modalities, would be
advantageous by combining the sensitivity of PET with the high-resolution morphology and non-
ionizing nature of MRI. We developed and evaluated a dual MRI/PET reporter gene system
composed of two human-derived reporter genes that utilize clinical reporter probes for engineered
cell detection. As a proof-of-concept, breast cancer cells were engineered to co-express the human
organic anion transporter polypeptide 1B3 (OATP1B3) that uptakes the clinical MRI contrast
agent gadolinium ethoxybenzyl-diethylenetriaminepentaacetic acid (Gd-EOB-DTPA), and the
human sodium iodide symporter (NIS) which uptakes the PET tracer, ['*F] tetrafluoroborate (['*F]
TFB). T1-weighted MRI results in mice exhibited significantly higher MRI signals in reporter-
gene-engineered mammary fat pad tumors versus contralateral naive tumors (p < 0.05). No
differences in contrast enhancement were observed at 5 h after Gd-EOB-DTPA administration
using either intravenous or intraperitoneal injection. We also found significantly higher standard
uptake values (SUV) in engineered tumors in comparison to the naive tumors in ['*F]TFB PET
images (p < 0.001). Intratumoral heterogeneity in signal enhancement was more conspicuous in
relatively higher resolution MR images compared to PET images. Our study demonstrates the
ability to noninvasively track cells engineered with our human-derived dual MRI/PET reporter

system, enabling a more comprehensive evaluation of transplanted cells. Future work is focused
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on applying this tool to track therapeutic cells, which may one day enable the broader application

of cell tracking within the healthcare system.

Introduction

Reporter genes are highly advantageous tools for in vivo cell tracking in that only viable cells are
detected and they allow for life-long tracking capability because they are passed on to daughter
cells [1]. Reporter genes have been developed for many in vivo preclinical and clinical imaging
modalities such as fluorescence imaging (FLI) [2][3][4], bioluminescence imaging (BLI) [5][6],
magnetic resonance imaging (MRI) [7][8][9], ultrasound [10][11], photoacoustic imaging [12],
single photon emission computed tomography (SPECT), and positron emission tomography (PET)
[13][14][15]. Notably, first-in-man clinical cell tracking has been achieved using a virally-derived
PET reporter gene engineered into therapeutic T cells infused intracranially in glioma patients

[14][16].

A multiple modality reporter gene system would be beneficial as it would combine the strengths
of each modality to hopefully mitigate individual weaknesses. Typical multi-modal reporter gene
imaging systems incorporate optical imaging via fluorescence and/or bioluminescence in
combination with nuclear imaging, [17][18][19][20][21][22][23]. While FLI and BLI provide
great sensitivity (10'> mol/L for BLI) [24], and high throughput at a relatively lower cost, they
suffer from low spatial resolution at depth, light scattering, and are not compatible for imaging
larger subjects, thus limiting their potential for clinical translation. For multimodal tracking of
cellular therapeutics in patients, a human-derived reporter gene system combining two clinical
modalities would be of great benefit. MRI provides excellent soft tissue contrasts with high spatial
resolution, lacks ionizing radiation, is relatively cost-effective and readily available in the clinic,

while PET can offer sensitive and quantitative information on administered cells. Here we develop
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a clinically-relevant dual modality reporter gene system for cellular imaging with both MRI and
PET. Our main interest in combining these two modalities is that the fine spatial resolution of MRI
can provide information about intratumoral heterogeneity of viable cells while PET’s sensitivity
would be valuable when MRI is not sufficiently sensitive to detect smaller lesions. Moreover,
combining both modalities may allow more widespread use within the healthcare system where

one modality may not be as readily available (e.g., PET).

The organic anion transporter polypeptide (OATP) is a superfamily of membrane transporters that
can uptake a variety of multi-specific anionic substrates, both endogenous and exogenous, from
the blood and into the cells for their absorption, distribution, metabolism and excretion [25].
Brindle et al. were the first to demonstrate specific uptake of a clinically approved Gd** MRI agent
by rat-derived OATP1AL1 transport, showing a rapid, reversible and strong increase in signal
enhancement of OATP1Al-expressing cells on 7;-weighted MRI [26]. Additionally, OATP1A1
was established as a multi-modal reporter gene as it was also shown to uptake the !!!'Indium-EOB-
DTPA analog for detection with SPECT [27], as well as the clinical agent, indocyanine green
(ICG) for detection with photoacoustic imaging [12]. OATP1B3 is a human-derived transporter of
the OATP1 family, with restricted background expression, mainly in the basolateral membrane of
hepatocytes in the liver [25]. In addition to a wide variety of compatible substrates, OATP1B3 can
uptake the MRI contrast agent Gd-EOB-DTPA, developed for liver imaging, enabling the
OATPI1B3 to serve as an MRI reporter gene [28][29][30]. Importantly, the human origin of this
gene overcomes safety limitations such as potential immunogenicity of analogous rodent-

derivatives, or alternative prokaryotic-derived reporter genes.

The human sodium iodide symporter (NIS) has been previously demonstrated as a reporter gene

for SPECT or PET detection [31][32][33][34]. This symporter is naturally expressed on the
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basolateral surface of follicular cells of the thyroid and functions to uptake plasma iodide for either
oxidation or entrapment and storage for eventual catabolism into thyroid hormones [35]. Lower
expression levels of NIS have also been reported in the salivary glands, stomach, and lactating
mammary glands with no ability for entrapment and hormone production [36]. Additionally, a
wide selection of tracers have been developed for diagnostic or therapeutic purposes involving
NIS expressing tissue [37][38][39]. ['*F]tetrafluoroborate (['*F]TFB), has been extensively
evaluated as a PET reporter probe for imaging NIS expression in both transfected [40][34] and
transduced cells [41]. In comparison to other NIS compatible probes, [!*F]TFB is an ideal PET
tracer as it is a fundamental NIS substrate without any other metabolic interactions [42].
Furthermore, Fluorine-18 tracers having high positron yield of 97%, with a short diffusion range
in tissue (< 2.4 mm), a clinically compatible half-life of 110 minutes and may be routinely

synthesized in medical centers with cyclotrons [39].

In this research, we have designed, developed, and evaluated a dual MRI/PET human reporter gene
system for in vivo cellular imaging. This system uses two human-derived reporter genes (NIS and
OATP1B3), with their respective clinical imaging probes, ([!*F]TFB and Gd-EOB-DTPA,
respectively) to enable detection with two clinical imaging technologies, giving this system high

translational potential.

Materials and Methods

2.2.1 Cell Lines and Cell Cultures

Human triple negative breast cancer cells (MDA-MB-231), obtained from (American Type
Culture Collection, Manassas, Virginia, United States), were maintained in Dulbecco's modified

Eagle's medium (DMEM) containing 10% fetal bovine serum (Wisent BioProducts, Quebec,
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Canada), 1% penicillin, and 1% streptomycin (Waltham, Thermo Fisher Scientific Inc.,
Massachusetts, United States). All cells were kept in a humidified incubator with 5% CO> at 37
°C. Cells were routinely confirmed to be mycoplasma negative using the MycoAlert mycoplasma

detection kit (Lonza Group, Basel, Switzerland).

2.2.2 Cloning and Lentiviral Production

A third-generation lentiviral transfer plasmid was engineered to express the NIS gene (Origene
technologies, Inc. NM_000453), OATP1B3 (sequence acquired from the hOATP1B3/SLCO1B3
VersaClone cDNA vector, Cat. RDC0870, R&D Systems, Minneapolis, Minnesota, United
States), along with the zsGreen (zsG) fluorescence reporter gene, driven by a constitutive hEFla
promoter. NIS, OATPI1B3 and zsG are separated with the self-cleaving peptides T2A and P2A
respectively. P2A and T2A are reported to have the highest (>90%) cleaving efficiencies amongst
other 2As [43][44] warranting equimolar expression of each reporter gene (Figure 1A). Third-
generation packaging and envelop plasmids pMDLg/pRRE, and pRSV-Rev, and pMD2.G
(Addgene plasmids #12251, #12253, and #12259, respectively) were combined with the transfer
plasmid for the In-Fusion Cloning reaction (Takara Bio USA, Inc.) to transfect human embryonic
kidney (HEK 293T) (American Type Culture collection; ATCC) cells with the aid of
Lipofectamine 3000 (Thermo Fisher Scientific, Massachusetts, USA) in accordance to the
manufacturer’s lentiviral production protocol (Thermo Fisher Scientific Inc., Waltham,
Massachusetts, United States). Viral-containing supernatant was collected 24 and 48 hours after

transfection, filtered with a 0.45 pm filter and frozen at -80 °C until use.

2.2.3 Cell Transduction
MDA-MB-231 cells were seeded at a density of 5x10° cells per well in a 6-well plate on day 0 and

then transduced for 6 h on day 1 with the prepared lentivirus and Polybrene (8 ug/mL; Sigma) at
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a multiplicity of infection (MOI) of one. On day 4, naive and transduced cells were harvested and
assessed for zsG expression and sorted using a FACSAria III fluorescence-activated cell sorter
(BD Biosciences) to acquire a highly purified population of engineered cells, which we call our
MRI/PET cells throughout. Fluorescence microscopy was performed on a LSM Meta 510
microscope (Carl Zeiss AG, Oberkochen, Germany) to confirm the presence of zsG in the

MRI/PET cells.

2.2.4 Western Blots

Western blot analysis for both OATP1B3 and NIS was performed using naive MDA-MB-231
cells, MDA-MB-231 cells expressing OATP1B3 alone and our MRI/PET cells. Cells were
incubated with 200-pL 4 °C RIPA buffer and protease inhibitors for 30 minutes. Lysates were
collected and sonicated with three 5.0-s, 40-kHz bursts before centrifugation at 13,000G for 20
minutes at 4 °C. Supernatants were collected and quantified using the Pierce BCA Protein Assay
(23225, Thermo Fisher Scientific, Massachusetts, USA). A 40-pug protein sample was loaded into
an acrylamide gel composed of a 4.0% stacking layer buffered at pH 6.8 and a 15% separation
layer buffered at pH 8.8. Gel electrophoresis was performed for 20 minutes at 90 V and 1 hour at
110 V. Protein was transferred to a nitrocellulose membrane for 7.5 minutes via the iBlot™ 2 Gel
Transfer Device (IB21001, Thermo Fisher Scientific, Waltham, Massachusetts, United States) and
blocked with 0.05% Tween-20, 3% w/v BSA solution for 30 minutes. For OATP1B3, a primary
purified rabbit antibody against OATP1B3 (1:500 dilution, ab139120, Abcam, Cambridge, United
Kingdom) was added for overnight incubation at 4 °C. For the myc-tagged NIS, a mouse anti-myc
(9B11, Cell Signaling Technology, Massachusetts, USA) was added at a dilution of 1:1000 for one
hour at room temperature. After washing the blot three times with 0.05% Tween-20 solution for 5

minutes, the OATP1B3 secondary antibody, Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed
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Secondary Antibody, Alexa Fluor 790 was used with a dilution of 1:10,000 (A11369, Thermo
Fisher Scientific, Massachusetts, USA) was added for one hour. The blot was washed three times
with 0.05% Tween-20 solution for 5 minutes before application of the Goat anti-Mouse IgG (H+L)
High Cross-Adsorbed Secondary Antibody, Alexa Fluor Plus 488 with a dilution 0of 0.1-0.4 ug/mL
(A32723, Thermo Fisher Scientific, Massachusetts, USA) for one hour. Lastly, the blot was
stripped for GAPDH staining. A primary mouse anti-GAPDH antibody (MAB374, Sigma-Aldrich,
Missouri, USA) at a dilution of 1:1000 was applied for one hour at room temperature with
subsequent application of secondary antibodies IRDye-800CW and 680RD (Thermo Fisher
Scientific, Massachusetts, USA) at dilutions of (1:15,000). Finally, imaging on the Odyssey CLx

Imaging System (LI-COR Biosciences, Lincoln, Nebraska, United States) was performed.

2.2.5 In Vitro Gd-EOB-DTPA Uptake and MRI

One million naive or MRI/PET cells/mL were seeded in two 15-cm-diameter dishes. At 95% cell
confluency, a 1.6-mM dose of Gd-EOB-DTPA (Eovist/Primovist®, Bayer Health Care Pharma,
Berlin, Germany) was added to each dish and incubated for 60 minutes. Each cell type also had a
dish with no Gd-EOB-DTPA addition to serve as the negative control. Media was aspirated and
cells were thoroughly washed with 1 x phosphate-buffered saline (PBS) (pH 7.4) three times.
Subsequent trypsinization, collection and centrifugation of cells formed cell pellets in 0.2mL
Eppendorf tubes. Tubes were imbedded into a 1% agarose gel phantom for MRI imaging with a
3T GE clinical MR scanner (General Electric Healthcare Discovery MR750 3.0 T, Milwaukee,
Wisconsin, United States) using a 16-channel head RF coil. A fast spin-echo inversion-recovery
pulse sequence, with the below parameters (Table 1), was used to determine spin-lattice relaxation
rates by sampling with the following 17 inversion times (TI): 50, 60, 68, 80, 94, 128, 175, 239,

327,447, 612, 836, 1144, 1564, 2139, 2925, and 4000 ms.
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Table 2.1: MRI sequence parameters used for in vitro uptake of Gd-EOB-DTPA.

Imaging matrix size 256 x 256
Repetition time (TR) 5000 ms

Echo time (TE) 19.1 ms

Echo train length (ETL) 4

Number of averages (NEX) 1

Receiver bandwidth 24.4 kHz

In-plane resolution 0.27 mm x 0.27 mm
Slice thickness 2.0 mm

MatLab (R2018a, MathWorks, Natick, Massachusetts, United States) was used to evaluate spin-
lattice relaxation rates by overlaying the image series of the different inversion times and
computing the average signal intensity for each cell pellet. The data were fitted with Equation 1 to

determine the spin lattice relaxation time (7).

TI TR
s=My(1- 23(_H) + e(_ﬁ)) Equation 1

Here, S represents the acquired signal intensity, Mo is the magnetization in steady state, T1 is the

inversion time, and TR is the repetition time.

2.2.6 In Vitro ['"*F]TFB Tracer Uptake
['8F]TFB was synthesized as described previously [41] with 98.7+2% purity. ['*F]TFB uptake
studies were performed with naive and MRI/PET cells. Cells were seeded in a 6-well dish (5 x 10°

cells/well) and incubated (37 °C with 5% CO;) overnight. DMEM was aspirated and cells were
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washed with 1 x PBS. Fresh DMEM was added (2mL/well) followed by addition of 0.1MBq of
BF-TFB to each well. Cells were incubated for 30 minutes prior to their collection. Activity of
harvested cells as well as the activity in the supernatant was measured using a gamma counter.
Counts were decay-corrected and tracer uptake was calculated as the average counts per minute

(cpm) of activity detected using the following equation.

CPMcells
(CPMcells+CPMsupernatant)

Uptake (%) = X 100% Equation 2

2.2.7 Animal Model

All applicable institutional and/or national guidelines for the care and use of animals were
followed. Naive and MRI/PET MDA-MB-231 cells were implanted into the left and right
mammary fat pad, respectively, of female nod scid gamma (NSG) mice (n=3). Tumors were
allowed to form for ~2-3 weeks and imaging was performed on days 19 with PET, 31 and 35 with

MRI post-implantation.

2.2.8 In Vivo Gd-EOB-DTPA- enhanced MRI

T-weighted 3T-MRI was performed pre and 4.5h post tail-vein injection of 1 mmol/kg Gd-EOB-
DTPA. To evaluate signal resulting from agent uptake and retention, one mouse implanted with
separate naive and engineered tumors was serially imaged for approximately 5 hours after Gd-
EOB-DTPA intravenous and intraperitoneal injections on separate days. Gd-EOB-DTPA was
administered by IV tail injections on day 31 post tumor implantation and by IP injections on day
35 post-tumor implantation in 3 NSG mice, to assess different delivery methods. All mice were
anesthetized with 1-2% isoflurane during imaging sessions with the use of a nose cone attached to
a carbon charcoal filter for passive scavenging. Mice respiration rates during acquisition were

between 40-70 bpm and body temperature was maintained between 37 and 38 °C using a regulated

86



heating pad. A 3D Spoiled Gradient Recalled Acquisition in Steady State (SPRG) pulse sequence
with a 3.5-cm diameter birdcage RF coil (Morris Instruments, Ottawa, ON, Canada) and a custom-
built gradient insert were used with the below parameters (Table 2) for a scan time of

approximately 15 minutes.

Table 2.2: MRI sequence parameters used for in vivo mice imaging.

Imaging matrix size 250x250
Repetition time (TR) 14.7 ms

Echo time (TE) 3.3 ms

Number of averages (NEX) 3

Flip angle 60°

Field of view (FOV) 50 mm
Bandwidth 24.4 kHz
In-plane Resolution 0.2 mm x 0.2 mm
Slice thickness 0.2 mm

Horos Project software v3.3.6 (horosproject.org, Nimble Co LLC d/b/a Purview, Annapolis,
Maryland, United States) was used to manually segment regions-of-interest (ROIs) to acquire
measures of signal intensity on pre-contrast and post-contrast images in naive, MRI/PET tumors

as well as other organs (muscle, kidney, liver, and bladder).
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2.2.9 In Vivo ['*F]TFB PET

Nineteen days post cell implantation, mice were anesthetized with 2% isoflurane, injected with
13-15 MBq of ['"®F]TFB in 50-150 uL and imaged dynamically with a microPET system (Siemens
Inveon ©2011 by Siemens Medical Solutions USA, Inc.). Animal breathing rate and body
temperature were monitored and maintained between 40-70 bpm and at 37 °C, respectively.
Dynamic PET data were acquired for 40 minutes, and images were reconstructed using 2D filtered
back projection. Quantification of PET signal was performed by manual segmentation of ROIs
using Horos Project software v3.3.6. Maximum Activity Projections (MAPs) were generated. SUV

was calculated with the below equation:

. Bq .
9\ _ Pixel value (E)*WELth (kg) g ‘
sV (mL) - Dose (Bq) *+1000 (kg) . Equatzon 3

2.2.10 Histology and Immunofluorescence Staining

Appendices figure 2.1 shows the H&E staining of both naive and MRI/PET cells on the left panels.
Cells were grown on a coverslip, fixed in 4% PFA, permeabilized with Triton X-100 for 10 minutes
and incubated for one hour at room temperature with rabbit anti-SLCO1B3 (OATP1B3) primary
antibody (2-pg/mL working concentration, HPA004943, Sigma-Aldrich Canada, Oakville,
Ontario, Canada). Secondary Goat anti-rabbit AlexaFluor 647-conjugated secondary antibody was
then applied for one hour (1:500 dilution; 4-pg/ml working concentration, ab150079, Lot
E114795, Abcam, Cambridge, Massachusetts, United States). Mouse anti-NIS primary antibody
was used at a dilution of 1:100 (113168, SLC5AS Polyclonal Antibody, Thermo Fisher Scientific
Inc., Massachusetts, United States) for 2 hours at room temperature. Coverslips were washed three
times with PBS and secondary antibody Goat anti-rabbit at a dilution of 1:200 (Alexa Fluor® 488,

Thermo Fisher Scientific Inc., Massachusetts, United States) was used for one hour. Cells were
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counterstained with DAPI for 5 minutes and imaged with the LSM Meta 510 microscope (Carl

Zeiss AG, Oberkochen, Germany).

2.2.11 Statistics

Unpaired two-tailed t tests were performed using Graphpad Prism software (Version 7.00 for Mac
OS X, GraphPad Software Inc., La Jolla California USA, www.graphpad.com) for cell
characterization after Gd-EOB-DTPA and ['®F]TFB incubation and comparing MRI data between
IP and IV at 5 hours. Repeated measures of ANOVA were used for SUV comparisons. All data
are expressed as mean + standard deviation, of at least three independent experiments. P-values

<0.05 were considered statistically significant.

Results

Human breast cancer cells were engineered to stably co-express NIS, OATP1B3, and zsG using a
lentivirus produced using the transfer plasmid shown in Fig. 2.1A. Flow cytometry showed no zsG
expression in naive cells and a 93% transduction efficiency in the dual reporter gene system
containing zsG (Fig. 2.1B). Fluorescence microscopy confirmed zsG positive cells in the MRI/PET
cells and no zsG in naive cells (Fig. 2.1C). Western blots confirmed the presence of both
transporters in the MRI/PET cells with a band at 100 kDa corresponding to NIS and a 90 kDa band

for the OATP1B3 protein (Fig.2.1 D). These bands were not observed for the naive cells.
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Figure 2.1: (A) Diagram of hEF1a-hNIS-T2A-OATP1B3-P2A-zsG lentiviral construct used to
engineer MDA-MB-231 triple negative cells. (B) Flow cytometry showing naive cells with no zsG
expression and transduced MRI/PET cells with 93% transduction efficiency post-sort. (C)
Fluorescence microscopy images showing no zsG in naive cells and MRI/PET cells showing zsG
fluorescence signal. (D) Western Blots of naive and transduced cells showing the NIS and
OATP1B3 bands at their corresponding sizes (100 and 90 kDa, respectively) and their absence in

the naive cells.
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Next, we evaluated reporter gene functionality in vitro. MRI/PET cells incubated with Gd-EOB-
DTPA resulted in a 38% higher R; value compared to naive cells incubated with Gd-EOB-DTPA
(p<0.05). Average R; for naive cells was 0.76+0.08 Hz, compared to 1.05+0.12Hz for MRI/PET
cells (Fig. 2.2B). Similarly, cells were also incubated with 0.1 MBq of ['*F]TFB for one hour and
the percentage activity uptake was retrieved with a gamma counter. NIS-OATP1B3 cells
incubated with ['®F]TFB had uptake of 14.2+1.3% compared to 0.31 + 0.18% uptake of naive cells,
revealing a 45-fold higher (p<<0.001) uptake in the dual-reporter gene cells as shown in Fig. 2.2C.
Additionally, functionality test results for Gd-EOB-DTPA wuptake in Naive, NIS/zsG,
OATP1B3/zsG and NIS/OATP1B3/zsG cells, showing non-significant uptake between

OATP1B3/zsG and NIS/OATP1B3/zsG cells is shown in Appendices figure 2.2.
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Figure 2.2: (A) An average R/ map in naive and MRI/PET cells without and with incubation of
Gd-EOB-DTPA. (B) R values (38% higher) in MRI/PET cells incubated with the Gd-EOB-DTPA
was found significantly higher (p<0.05) compared to the naive cells incubated with the agent. (C)
['8F]TFB percent uptake was calculated as 0.31 + 0.18% in naive cells, whereas significantly

higher uptake was seen in MRI/PET cells (14.2+1.3%; * p<0.001).
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2.3.1 In-Vivo Gd-EOB-DTPA- enhanced OATP1B3 MRI: Intravenous (IV)
versus Intraperitoneal (IP) Gd-EOB-DPTA administration

Typical OATP1/Gd-EOB-DTPA reporter gene imaging is performed ~4-6 hours post IV
administration[27]. Several studies have compared contrast enhancement in MRI using both an IP
and IV method of agent administration, and have shown IP as an alternative delivery route that
yields comparable contrast enhancement to IV [45][46]. The dynamics of the MRI/PET cells to
accumulate Gd-EOB-DTPA in-vivo through IV or IP administration was investigated 30 days post
tumor implantation in one mouse. This longitudinal study was only performed on one mouse as
per our institution requirements. Fig.3A shows dynamic coronal images over the course of ~4.5
hours with both naive (left) and MRI/PET (right) tumors post IV administration of the Gd-EOB-
DTPA with a dose of 1 mmol/kg. As expected, no differences in signal were apparent between the
tumors in the pre-contrast image. Post-contrast images showed obvious contrast enhancement only
in the MRI/PET tumor, with enhancement being heterogenous within the tumor (Fig. 2.3C). Image
analysis revealed higher signal intensity in the dual MRI/PET compared to naive tumor (Fig. 2.3B)
within one-hour post injection of Gd-EOB-DTPA with relatively constant uptake for the remaining
of the imaging period. Contrast enhancement was also observed in the liver presumably through

uptake by endogenous murine OATP1A1 expression (Appendices Figure 2.3).
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Figure 2.3: (A) Dynamic coronal 7/-w MRI images of lower mammary fat pads of an NSG mouse
after IV Gd-EOB-DTPA injection. Manual segmentation showing naive (left; blue outline) and
MRI/PET (right; orange outline) tumors pre- and post-IV administration of Gd-EOB-DTPA. (B)
Enhanced contrast and higher normalized (to muscle tissue) signal intensities are shown in the
MRI/PET tumor. (C) Contrast enhancement was also observed in endogenous tissue and clearance

into the intestines.
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The same mouse in Fig. 2.3 was dynamically imaged again at 34 days post tumor implantation for
about 5.5 hours using the same MR imaging parameters but with an IP delivery of Gd-EOB-DTPA
(1 mmol/kg). It should be noted that due to the mean clearance half-life of Gd-EOB-DTPA (55-57
minutes), <1% of the agent amount is expected to remain 24 hours post administration. Figure 4A
shows select MRI images pre-and post-Gd-EOB-DTPA administration with IP injection. At
around 1.5 hours, contrast enhancement surrounding both naive and MRI/PET mammary fat pad
tumors is present. Over time, more agent accumulates intratumorally in the MRI/PET tumor
compared to the naive tumor, corresponding to higher 71-weighted signal intensities (Fig.2.5B).
Again, heterogeneous enhancement within the MRI/PET tumors was noted. Contrast enhancement
in the liver with natural OATP1 expression was also observed (Appendices Figure 2.3).
Appendices figure 2.5 shows the difference in signal intensity between MRI/PET and naive
tumours in our dynamic imaging, for both IV and IP injection, showing the highest difference after

approximately 2.5 hours for IV and 5 hours for IP injection.
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Figure 2.4: (A) Dynamic coronal 7/-w MRI images of lower mammary fat pads of an NSG mouse
after [P Gd-EOB-DTPA injection. Manual segmentation showing naive (left) and NIS-OATP1B3
(right) tumors pre- and post-IP administration of Gd-EOB-DTPA. (B) Higher normalized (to
muscle tissue) signal intensities are shown in the NIS-OATP1B3 tumor compared to the naive

tumor. (C) Contrast enhancement was also observed in the liver.
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Figure 2.5 shows pre- and approximately 5 hours post-Gd-EOB-DTPA injection with both IV (top)
and IP (bottom) delivery routes (Appendices Figure 2.4 shows representative examples at selective
time points). Differences in signal enhancement are evident between the naive and the MRI/PET
tumor approximately 5 hours post agent administration with both delivery methods. Significantly
higher (p<0.05) average signal intensity was observed in MRI/PET tumors compared to naive
tumors in all three mice for both IV and IP administration of GAd-EOB-DTPA (B). No differences
in signal intensity were seen between IV or IP injection route at this time point post-Gd-EOB-

DTPA injection.
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Figure 2.5: (A) Representative 7/-weighted MRI images showing pre- and approximately 5 hours
post- IV (top) and IP (bottom) injection of Gd-EOB-DTPA in two different mice. (B) Contrast
enhancement observed in MRI/PET tumors post- Gd-EOB-DTPA injection, with both IV and IP
administration methods. No contrast enhancement was observed in the naive tumors post agent
administration. Significantly higher average signal intensity between MRI/PET tumors and naive
tumors was observed, for both IV and IP agent administration and no significant difference in
average signal intensity between IV and IP delivery methods was observed for either naive or

MRI/PET tumors (n=3) at 5 hours post injection.
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In-Vivo ['®F]TFB NIS PET

Mice bearing contralateral naive and MRI/PET mammary fat pad tumors received 13-15 MBq of
['8F]TFB via tail vein injection, and dynamic PET imaging was performed for 40 minutes (Fig.
2.6). Rapid accumulation of ['®F]TFB in NIS expressing tissue was observed within 10 minutes of
injection (Fig. 2.6A/B). As expected, whole body PET mean activity projections (MAPs) displayed
regions of ['8F]TFB uptake in the salivary glands, thyroid, and stomach which correspond to sites
of endogenous mouse NIS expression. SUV values in the thyroid and stomach over time are shown
in Appendices Figure 2.6. Tracer uptake was also observed in the engineered MRI/PET tumor, but
not in the naive tumor (Fig. 2.6A and 2.6 C). Qualitatively, unlike with our MRI results, local
differences in tracer uptake in different regions within tumors were difficult to visualize in our
PET images due to the image resolution. The average SUV was calculated for mice at different
time-points during the 40-minute scan (Fig. 2.3B). Significantly higher SUVs were observed for
MRI/PET tumor compared to naive tumors 10, 15, 20, 25, 30, 35, and 40 minutes after tracer

injection (p<0.05).
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Figure 2.6: (A) Dynamic MAPs showing whole body PET coronal images and uptake of ['*F]TFB
for 40 minutes. (B) Average SUV (g/mL) for 3 mice at different time points showed significantly
higher for MRI/PET tumors compared to naive tumors (p<0.05) using repeated measures of
ANOVA. (C) Displaying ['*F]TFB uptake in NIS-expressing tissue (salivary glands, thyroid,
stomach), MRI/PET tumor (denoted with arrowhead), and the bladder (['*F]TFB clearance).
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Discussion

The use of multiple modalities is advantageous as it harnesses complementary information from
individual modalities to provide more comprehensive assessment of the activity and fate of
administered cells. Sensitive imaging modalities often suffer from relatively lower resolution
(BLI, PET, SPECT), whereas less sensitive modalities may provide fine spatial resolution (MRI)
[24]. As a result, multi-modal tracking is often undertaken with a combination of a sensitive and
spatially resolving modalities [47]. However, current multi-modal cell tracking methods possess
limitations either in their safety profiles [14][48], their imaging sensitivity [49][50][51], their
preclinical status [19][52] or their ability for long-term tracking [53][54], limiting their

translational potential.

For this work, we combine two clinical systems to exploit the sensitivity and quantification of PET
and the higher spatial resolution and soft-tissue contrast of MRI. We have developed a novel multi-
modal cell tracking system using MRI and PET human-derived reporter genes that can provide

safe, sensitive, and quantitative information for longitudinal tracking.

We employed the human-derived OATP1B3 gene as an MRI reporter gene for our system. This
transporter can transport the clinical Gd-EOB-DTPA MRI contrast agent into cells. Once
internalized, the Gd-EOB-DTPA enhances contrast on 7j-weighted images to improve the
conspicuity of engineered cells. Previous work by Brindle’s group showed maximal contrast
enhancement in 71-weighted images 5 hours post IV injection of Gd-EOB-DTPA in OATP1A1-
expressing cells [55]. In this work, we performed dynamic imaging to determine the optimal timing

of the maximum contrast uptake within our OATB1B3-engineered tumors.
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We also compared the contrast enhancement of the Gd-EOB-DTPA agent via two administration
routes: intravenously (IV) and intraperitoneally (IP). Although probes are typically administered
intravenously, IP administration is a technically easier injection that has shown comparable
contrast enhancement and can be used as a substitute to IV injections in small animal models for
targeting and trapping agents [45][46]. However, IP pharmacokinetics dictate that the contrast
material would be absorbed into the peritoneal cavity and eventually drain into the portal vein for
hepatic metabolism before reaching systemic circulation, resulting in slower delivery of the agent
when compared to IV injection routes. Maximum contrast enhancement was achieved
approximately two hours post both IV and IP injection routes, and significant enhancement
endured for the remaining of the imaging period (~5 hours). Thus, the OATPIB3 gene
demonstrated genuine potential for cell tracking in gadolinium-enhanced MRI with both IV and

IP delivery methods of the Gd-EOB-DTPA contrast agent.

NIS was employed as the PET reporter gene for this system and its expression was imaged with
PET following administration of its clinical tracer, ['*F]TFB. Our dual MRI/PET reporter system
also showed significant uptake of ['*F]TFB (p<0.001) in vitro, and higher (p<0.05) in vivo SUV

in the NIS-expressing tumors compared to the naive tumors.

An additional qualitative difference between the PET and MRI images is the ability to distinguish
intratumoral heterogeneity of signal enhancement. While PET is more sensitive, we were only able
to see heterogenous contrast enhancement in the OATP1B3-expressing tumours in the MRI
images. Previous work from our lab has shown this variation in contrast enhancement corresponds

to the spatial distribution of viable OATP1A1-expressing cells [56].

102



Advances in cellular therapies have demonstrated anti-tumor effects by modifying a variety of cell
types to boost their targeting and killing abilities [57]. In vivo tracking of these therapeutic cells
can reveal information regarding their cellular interactions, therapeutic efficacy as well as potential
side effects [47]. In addition to assessing the number of therapeutic cells within tumors, it is also
important to evaluate their tumour localization and distribution. Thus, combining the quantitative
nature of PET and the fine resolution of MRI can produce information on both the cell numbers,

and their location, respectively.

Ideally for safety concerns, reporter genes should be human-derived genes as opposed to
exogenous reporter genes (luciferase or fluorescent protein) which can trigger an immune
response. Indeed the virally-derived PET reporter gene herpes simplex virus thymidine kinase has
been shown to be immunogenic in human [58], highlighting a need to reduce immunogenicity via
protein engineering or utilizing human-derived reporter genes. NIS and OATP1B3 are both
endogenous human genes, making them non-immunogenic to facilitate clinical translation.
Furthermore, both imaging probes (['*F]TFB and Gd-EOB-DTPA) are already widely in clinical
use with PET and MRI respectively, further giving this system high translational potential.
Repeated administration of these imaging probes allows for longitudinal tracking to be
accomplished in reporter gene systems for a specific application. Administration of ['*F]TFB for
detection of NIS expression with PET can provide sensitive and quantifiable information, and
detection at an earlier timepoint but may be limited by cost, availability and perceived concerns
regarding radiation. In contrast, Gd-EOB-DTPA can be repetitively administered to facilitate
longitudinal tracking of engineered cells with MRI. Moreover, the fine spatial resolution of MRI
images can show intratumoral heterogeneity of the viable engineered cells. Heterogeneity due to

differences in biodistribution within the control tumour is most likely seen during the early phases
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after Gd-EOB-DTPA administration, when non-specific uptake into the extracellular space is
dominant. At earlier time points, there is non-specific uptake in both control and MRI/PET
tumours (following both IV- and IP- injections). Over time, there is no significant Gd-EOB-DTPA

enhancement in control tumours and uptake is specific to OATP1B3-expressing cells.

This study validates a new dual PET and MRI reporter gene system for in vivo cell tracking. Future
incorporation of this dual reporter gene system in other cell types, such as T lymphocytes, natural
killer (NK) cells, mesenchymal stem cells, or dendritic cells, could provide valuable information
for more clinically relevant applications. Additionally, novel gene integration systems such as
CRISPR/Cas with the ability to target safe genomic sites could further improve the safety of this
cell-tracking multi-modal reporter gene system while reducing the chances of unwanted biological

effects on the cells [59].

In this work, MRI and PET were used to detect cells longitudinally. To our knowledge this is the
first time this combination of clinical imaging modalities has been used, with reporter gene
imaging. We demonstrated that we could use multi-modal imaging system to visualize human-
derived MRI/PET reporter gene- expressing cells, enabling more comprehensive understanding of

administered cells. Future applications of such systems can be used for tracking therapeutic cells.
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CHAPTER 3

Complementary Early-Phase Magnetic Particle Imaging and Late-Phase
Positron Emission Tomography Reporter Imaging of Mesenchymal Stem
Cells In Vivo

Stem cell-based therapies have demonstrated significant potential in clinical applications for many
debilitating diseases. The ability to non-invasively and dynamically track the location and viability
of stem cells post administration could provide important information on individual patient
response and/or side effects. Multi-modal cell tracking provides complementary information that
can offset the limitations of a single imaging modality to yield a more comprehensive picture of
cell fate. In this study, mesenchymal stem cells (MSCs) were engineered to express human sodium
iodide symporter (NIS), a clinically relevant positron emission tomography (PET) reporter gene,
as well as labeled with superparamagnetic iron oxide nanoparticles (SPIOs) to allow for detection
with magnetic particle imaging (MPI). MSCs were additionally engineered with a preclinical
bioluminescence Imaging (BLI) reporter gene for comparison of BLI cell viability data to both
MPI and PET data over time. MSCs were implanted into the hind limbs of immunocompromised
mice and imaging with MPI, BLI and PET was performed over a 30-day period. MPI showed
sensitive detection that steadily declined over the 30-day period, while BLI showed initial
decreases followed by later rapid increases in signal. PET signal of MSCs was significantly higher
than the background at later timepoints. Early-phase imaging (Day 0-9 post MSC injections)
showed correlation between MPI and BLI data (R?>=0.671), while PET and BLI showed strong
correlation for late-phase (day 10-30 post MSC injections) imaging timepoints (R?>=0.9817). We
report the first use of combined MPI and PET for cell tracking and show the complementary
benefits of MPI for sensitive detection of MSCs early after implantation and PET for longer-term

measurements of cell viability.
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3.1

Introduction

Cell-based therapies are an expanding class of medicine that have shown significant success in the
treatment of numerous pathologies [1][2]. These living drugs offer a therapeutic advantage over
conventional drugs as they can perform complex and dynamic biological functions such as tissue
regeneration, biological function restoration, malignancy killing, and heightening of immune
responses. The global cell therapy market size is expected to reach $23.0 billion USD by 2028 [3],
with stem cells and tissue-specific cells accounting for approximately 36% of this market [2].
Mesenchymal stem cells (MSCs) comprise 46% of approved stem cell therapies for numerous
diseases such as graft versus host disease, osteoarthritis, inflammatory bowel diseases, myocardial
infarctions, liver cirrhosis, limb ischemia, and spinal cord injury [4][5]. The therapeutic potential
of MSC:s arise from their innate ability to differentiate into a variety of different tissue types for
regenerative medicine purposes [6], and for control of inflammation as they can modulate the
proliferation and cytokine production of immune cells [4]. To enable clinicians to better evaluate
MSC therapies in terms of patient response or unwanted side effects, cell tracking tools to

quantitively monitor the longitudinal fate of administered MSCs would be highly valuable.

One popular cell tracking approach is to directly label cultured cells with imaging probes prior to
their administration to a living subject. For MSCs, probes for various clinical imaging modalities
have been utilized including positron emission tomography (PET) [7][8], photoacoustic imaging
(PAI) [9][10], and superparamagnetic iron oxide nanoparticles (SPIOs) for magnetic resonance
imaging (MRI) [11][12]. While the latter technique is highly sensitive, SPIOs provide negative
contrast in MR images which can obscure the ability to see cells in tissues that appear dark (e.g.,
lungs), and quantitation of SPIOs is challenging with MRI. Recently, magnetic particle imaging

(MPI), a relatively newer modality, has also been used to image SP1O-labeled MSCs [4][13]. MPI
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provides radiation-free and positive contrast ‘hotspot’ images of the SPIOs without signal
attenuation in biological tissues [14], allowing for unambiguous identification of labelled cells.
MPI is currently limited to preclinical systems for imaging of small animals, but development of
clinical MPI systems for humans is under active development [15][16]. MPI cell tracking is
sensitive with reported detection limit of 1000 ferucarbotran-labeled stem cells in vitro with signal-
to-noise ratio of ~5 [17]. Synomag-D is a novel SPIO which has enhanced MPI sensitivity
compared to ferucarbotran and its use for cell tracking is gaining momentum [18][19][20][21].
Numerous in vivo studies have also used the MPI signal from SPIOs as a surrogate for cell number.
However, for proliferating cell populations the amount of SPIO per cell can diminish which
compromises cellular detection sensitivity and quantification. Moreover, SPIOs can be lost from
dead cells and taken up by resident macrophages, further confounding the MPI estimate of cell
number over time. Therefore, MPI quantification of cell number is most accurate and valuable at

early timepoints after cell administration.

A complementary approach for longer term cell tracking is to engineer cells with imaging reporter
genes. Unlike probe strategies, the reporter genes are passed to cell progeny and not able to be
transferred to bystander cells, allowing for life-long specific imaging of proliferating viable cells.
Various reporter genes for different clinical imaging modalities exist including MRI, PAI, and
PET [22][23][24]. PET reporter gene cell tracking has received the most attention in terms of
clinical translation due to the low dose required of the PET tracer and the high sensitivity of PET
to low cell numbers (in the 10,000 cell range in mice [25]). As such, PET reporter genes have
been used to track whole-body survival, proliferation and quantification of transgenic cells over
time in animals [26], and clinical PET reporter-based tracking of therapeutic T cells has been

successfully performed in glioma patients [24]. While numerous PET reporter genes exist, the
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human sodium iodide symporter (NIS), an intrinsic membrane transporter, has received significant
attention as its human-origin alleviates the risk of immunogenicity, it has a wide variety of
compatible imaging probes, and it can additionally serve as a therapeutic gene [27][26][28]. The
fluorine-18-based PET tracer, !8F-tetrafluoraborate (!3F-TFB), provides high positron yield, short
diffusion range in tissue (< 2.4 mm), and a clinically compatible half-life (110 minutes), when
compared to radioiodine probes compatible with NIS [29]. Jiang, H., et al. performed the first
imaging study of 8 healthy human subjects to assess the pharmacokinetics, safety, biodistribution
and stability, showing "*F-TFB to be overall well-tolerated [30]. Thus, '*F-TFB/NIS imaging has
high translational potential, and numerous groups have used it in preclinical models to track cells

such as dendritic cells [31], CAR T cells [32], and induced pluripotent stem cells [33].

In this work, MSCs were genetically modified to express NIS for PET detection followed by direct
labelling with Synomag-D for MPI. In addition, MSCs were engineered to co-express a
bioluminescence imaging (BLI) reporter gene called Akaluciferase (Akaluc) to serve as an
independent imaging measure of cell viability over time. Akaluc BLI has been shown to be able
to detect single cells in mice [34][35]. MSCs were then implanted intramuscularly in mice as
described before [36], and longitudinal trimodal imaging was performed with '*F-TFB PET, BLI
and MPI, and imaging measures for each modality were compared over time. Our work highlights
the benefits of using the combination of MPI and PET for tracking cells, allowing highly sensitive

early-phase imaging of cells with MPI and sensitive late-phase imaging with PET.
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3.2

Materials and Methods

3.2.1 Cloning and Lentiviral Production

Using In-Fusion Cloning (Takara Bio USA, Inc. CA, USA), two third-generation lentiviral transfer
plasmids were engineered (Figure 1A): one expressing NIS gene (Origene technologies, Inc. MD,
USA NM 000453) and zsGreen (zsG) both driven by a human elongation factor a (hEFla)
promoter; and another to co-express tdTomato (tdT) (from Addgene plasmid #48688) and Akaluc
(obtained from the pcDNA3-Venus-Akaluc Vector (Cat. RDB15781, RIKEN BioResource
Research Center, Ibaraki, Japan). For the NIS construct, lentivirus was produced by a commercial
vendor at a titre of 10® IFU/ml (Origene technologies, Inc. MA, USA: custom made). For the
Akaluc construct, lentivirus was produced in-house using the packaging and envelope plasmids
pMDLg/pRRE, pRSV-Rev, and pMD2.G (Addgene MA, USA plasmids #12251, #12253, and
#12259, respectively). Briefly, human embryonic kidney (HEK 293T; ATCC) cells were
transfected with Lipofectamine 3000 (Thermo Fisher Scientific, MA, USA) in accordance with
the manufacturer’s lentiviral production instructions (Thermo Fisher Scientific Inc., MA, USA).
Viral-containing supernatant was collected 24 and 48 hours after transfection, filtered with a 0.45-
um filter and frozen at -80 °C until use. Our tdT-Akaluc lentivirus was produced at a titre of 10®

IFU/ml, as assessed by flow cytometry.

3.2.2 MSC Culture and Transduction

Bone marrow-derived murine MSCs were purchased from Cyagen (CA, USA MUBMX 01001)
and maintained in Dulbecco’s Modified Eagle’s Medium-low glucose (D6046, Sigma-Aldrich,
MI, USA) containing 10% fetal bovine serum (Wisent BioProducts, QC, Canada). All cells were
kept in a humidified incubator with 5% CO> at 37°C and routinely confirmed to be mycoplasma-

free using the MycoAlert mycoplasma detection kit (Lonza Basel, Switzerland LT07-318).
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MSCs were seeded at a density of 3.33x10* cells in a 48-well plate on day 0 and then transduced
for 6 h with the above zsG-NIS lentivirus at a multiplicity of infection (MOI) of 75 along with
Polybrene (8 mg/ml; Sigma Aldrich MI, USA SMLO0517). On day 4 after transduction, naive and
transduced cells were harvested and sorted using a FACSAria III fluorescence-activated cell sorter
(BD Biosciences, NJ, USA) for zsG expression. MSCs were expanded prior to additional
transduction with the tdT-Akaluc-containing lentivirus at an MOI of 75 along with Polybrene.

Cells were then re-sorted for dual zsG/tdT expression.

3.2.3 MSC Iron Labelling

Engineered MSCs were seeded at a density of 2x10° cells in T-75 flasks and grown until 80-90%
confluency was reached. In a 15 ml falcon tube (tube A), 180 ml of protamine sulfate (12 pg/mL)
was added to 7.5 mL of low-glucose serum free media and vortexed. In another 15 ml falcon tube
(tube B) containing 7.5 ml of serum free media, 270 ml of Synomag-D (180 pg Fe/mL) (Micromod
Rostock, Germany Product code: 104-00-501 Lot: 02721104-01), and 60 ml of heparin (3 U/mL)
were added and vortexed. Protamine sulfate and heparin were used as transfection agents to
increase the iron uptake in cells. Tube A was then added to tube B, and vortexed thoroughly. MSCs
were washed with HBSS and incubated with the SPIO-containing mixture for 4 hours. Serum-
containing media (5 ml) was added to the MSC flasks and incubated overnight for next day
collection. Upon collection, cell counting, and viability was determined using the trypan-blue
exclusion assay (Countess Automated Cell Counter; Invitrogen, MA, USA). Perls Prussian Blue

(PPB) staining was then performed to assess iron labeling.

3.2.4 In Vitro Magnetic Particle Imaging

Cell pellets containing 2.5x 10%, 1x 10°, 5x 10%, 2.5x 10%, 1.2x 10*% 6x 103 Synomag-D

labeled MSCs were individually imaged on a Momentum™ MPI scanner (Magnetic Insight Inc.).
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Images were acquired in 2D (~2 min) and 3D (~ 30 min) using a 3.0 T/m selection field gradient
and drive field strengths of 22 mT and 26 mT in the X and Z axes, respectively, with a 12 x 6 cm
field of view (FOV). Single projection images were used for 2D and 35 projections were used for

3D images (Appendices Figure 3.1).

3.2.5 MPI Image Analysis and Quantification

All MPI images were imported and viewed with a custom MPI colour look-up table (CLUT) using
the open-source Horos™ image analysis software (version 3.3.6, Annapolis, MD USA). MPI
signal was measured using a semi-automatic segmentation tool within a region of interest (ROI)
selecting for signal exceeding 5 times the standard deviation of system noise. Total MPI signal for
an ROI was calculated by multiplying the ROI area (2D) or volume (3D) by the mean signal.
Calibration lines (2D and 3D) for Synomag-D were made to determine the relationship between
iron content and MPI signal using previously established methods. Iron content of the cell samples
was calculated by dividing the total MPI signal by the slope of the calibration line. A cellular
sensitivity calibration line was made by correlating measured MPI signal with the number of cells
in the sample. A simple linear regression was performed to determine this relationship between

iron content and cell number.

3.2.6 Animal Models

Animals were cared for in accordance with the standards of the Canadian Council on Animal Care,
and experiments were conducted as specified in an animal use protocol (AUP 2020-025). MSCs
(3 x 10°) were intramuscularly (IM) injected in the left hind limb of NOD scid gamma (NSG)
mice. NSG mice (n=5) were chosen due to their highly immunodeficient nature and are most

supportive to stem cell engraftment expressing non-murine reporter genes (NIS and Akaluc).
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3.2.7 In Vivo Magnetic Particle Imaging

On day 0, post MSC injections, mice were anesthetized with 2% isoflurane using a nose cone and
inserted into the MPI MOMENTUM system (Magnetic Insight Inc., Alameda, California). Full
body (mouse) MPI was acquired in 2D (for visualization) and 3D (for quantification). For 2D
images, imaging parameters were: field of view (FOV) = 12 ¢cm x 6 cm, gradient strength = 3.0
T/m, excitation amplitude = 22 mT (X-channel) and 26 mT (Z-channel), imaging time = 2.8
minutes. For 3D imaging (28 minutes), the FOV =12 cm x 6 cm x 6 cm with 35 projections, using
the same gradient strength and excitation amplitude. A 3D image of an empty sample holder was
used to measure background signal, as defined by standard deviation (SD) of the signal in air. For
image quantification in 3D, a minimum threshold of 5 times the background signal was used for
region-of-interest (ROI) delineation, following the Rose criteria for signal-to-noise ratio (SNR)?”.
MPI signal was calculated as the mean signal intensity (a.u.) in the ROI multiplied by the area of
the ROI (mm?). The calibration curve generated in Appendices Figure 3.1 was used to convert

MPI signal to iron content.

3.2.8 In Vivo Bioluminescence Imaging

Mice were anesthetized with 2% isoflurane, injected intraperitoneally with 100 ml of 5 mM
Akalumine-HCI (Sigma Aldrich, Missouri, USA 808350) and imaged with an IVIS Lumina
XRMS In Vivo Imaging System (PerkinElmer). Images with auto exposure times were captured
every 60 seconds for 30 minutes, with a field of view of 12 cm. Regions of interest were drawn
manually around the MSC implant using the Livinglmage software (PerkinElmer) to measure the
average radiance (p/s/cm?/sr). The peak average radiance over the 30-minute imaging session was

used for data analysis.
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3.2.9 In Vivo ['®F]TFB Positron Emission Tomography

BF-TFB was synthesized as described previously*®. Mice were anesthetized with 2% isoflurane,
injected with 15-20 MBq of '"®F-TFB in 50-150 ml via the tail vein, and imaged with a Siemens
Inveon™ microPET system (Siemens Medical Solutions USA, Inc.). Animal breathing rate and
body temperature were monitored and kept between 40-70 bpm and at 37 °C, respectively. Static
PET data were acquired 30 minutes post '®F-TFB injections. Images were reconstructed using
ordered subset expectation maximization (OSEM). Quantification of PET signal was performed
by manual segmentation of ROIs using Horos Project software v3.3.6. Maximum Activity

Projections (MAPs). Standard Uptake Value (SUV) was calculated with the below equation:

. Bq .
9\ _ Pixel value (H)*welght (kg) g ‘
sV (mL) - Dose (Bq) *+1000 (kg) Equatlon 1

3.2.10 Ex Vivo Staining and Fluorescence Microscopy

Following final imaging session on day 30, animals were euthanized by isoflurane overdose,
followed by perfusion-fixation with 4% paraformaldehyde (PFA). Both left and right hind limbs
were harvested from each animal and stored in 4% paraformaldehyde until use. Tissues were then
either embedded in paraffin for PPB staining or frozen in a 30% sucrose solution for evaluating
fluorescence protein expression. Paraffin-embedded tissues were sectioned at 5-micron thickness,
stained with PPB *° to identify the presence of Synomag-D and counterstained with nuclear fast
red. Frozen tissues were sectioned at 10-micron thickness and imaged with a Revolve Fluorescence

microscope (Echo Microscopes, California, USA).
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3.3

3.2.11 Statistical Analysis

One-way Analysis of Variance (ANOVA) and Tukey’s post-hoc multiple comparisons were
performed on the grouped averages for MPI and PET in-vivo studies. Two-tailed Pearson
correlation coefficient were performed on MPI and BLI at early timepoints as well as BLI and
PET at later imaging timepoints. Statistical analysis used GraphPad Prism Software (Version 7.00
for Mac OS X, GraphPad Software Inc., La Jolla California USA, www.graphpad.com). For all

tests, a p-value less than 0.05 was considered statistically significant.

Results

Cells were transduced with a zsG-NIS lentiviral vector and then sorted to collect a purified
population of 96% zsG+ cells (Figure 3.1C). This population of zsG+ MSCs were subsequently
transduced with a second tdT-Akaluc lentivirus and sorted again to obtain a purified population
(96%) of zsG-NIS-tdt-Akaluc MSCs (Figure 3.1D). Engineered MSCs were then efficiently
labeled with Synomag-D® (>95%; Figure 3.1F). Appendices figure 3.1 shows 2D MPI cellular

detection limit of <8,000 cells, and a 3D MPI detection limit of <4,000 cells.
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Figure 3.1: A) The genetic constructs containing (top) the zsGreen fluorescent gene followed by
the cleaving peptide T2A and then then PET reporter gene NIS; and (bottom) the tdtomato
fluorescent gene followed by T2A and the BLI reporter gene Akaluc. Flow cytometry showing
naive non-transduced MSCs (B), initial transduction with the lentiviral plasmid containing zsG-
NIS (C), and second transduction with the lentiviral plasmid containing tdt-Akaluc (D).
Microscopy showing unlabeled MSCs (E.) and MSCs labelled with Synomag-D® (>95% labelling
efficiency) (F.) at 40x.
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Engineered and Synomag-D loaded MSCs (1 x 10%) were implanted into the hind limb muscle of
NSG mice. Post cell implantation, mice were imaged with MPI (Day 0). Mice were then imaged
with BLI and PET on day 1 and day 2 post MSC implantation, respectively, and repeated imaging
of mice was performed over the duration of 30 days. A representative mouse imaged over the
course of 30 days is shown in Figure 3.2 (For images from the additional 4 mice please see
Appendices Figures 3.2-3.5). For all mice at all timepoints, MPI showed positive signal in the
limb where the MSCs were injected. Qualitatively, a decrease in MPI signal was observed over
the 30-day period for all mice. BLI signal was also detected at the same site as MPI signal and
generally showed an initial decrease in signal from days 1 to 9 post-injection (in all mice) followed
by a rapid increase from days 16 to 29 (in 3 mice). Qualitatively, among the 5 mice, higher PET
signal was seen in the injected limb compared to the contralateral limb on days 2, 10, 17 and 30
for 3 of the 5 mice. While the other two mice showed BLI and MPI signal at all timepoints,

obvious PET signal was not seen.
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Figure 3.2: In-vivo detection of MSCs in the left hind limb with MPI (top), BLI (middle) and PET

(bottom) in a representative mouse over a 30-day period. MPI shows the brightest signal on day 0

and steadily decreases over time. BLI signal shows reduced radiance on day 9 (likely due to cell

death), followed by an increase in BLI signal thereafter. '8F-TFB PET SUV shows a similar pattern

to BLI radiance at the comparable imaging timepoints of the engineered MSCs (arrows). '3F-TFB

uptake also present in thyroid and stomach (organs with endogenous NIS expression). Imaging

data in the graph on the right are for this mouse.
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Analysis of BLI, MPI and PET images revealed significant changes in imaging signal over time
and relationships between these signal changes between different modalities (Figures 3.3 and 3.4).
Quantification of signal from MPI, BLI and PET systems over the 30-day tracking period for the

individual 5 mice is shown in Figure 3.3.

Figure 3.3A shows longitudinal MPI measurements of iron content (mg) in the hind limbs
implanted with Synomag-D-labelled MSCs. Post MSC implantation, iron content averaged 2.77
+1.53 mg between mice on day 0 and 0.43£0.36 mg between mice on day 28, showing a steady
decline over time in all 5 mice. Average MPI signal (n=5) significantly decreased (p<0.001) on
days 3, 8, 15, 22 and 28 compared to the initial day of injection (day 0) (Fig. 3.3G). BLI initial
radiance ranged from 10°-107 p/sec/cm?/sr on day 1 post MSC administration. In 3 of the 5 mice,
BLI signal decreased at earlier timepoints (on day 9 for one mouse and day 16 for two mice) and
arapid increase in signal with signal in one mouse reaching >108 p/sec/cm?/sr, was seen (Fig. 3B).
BLI signal was lower (in the 10° p/sec/cm?/sr range) for the remaining two mice throughout the
entire imaging study. From days 17 to 30, "*F-TFB PET SUV values showed a similar upward
trend to the BLI signal for the 3 mice showing higher radiance (in the 107-108 p/sec/cm?/sr range),
while no tracer uptake above background was noted for two mice with BLI radiance in the 10°
p/sec/cm?/sr range (Figure 3.3C and Appendices Figures 3.4 and 3.5). No significant difference in
tracer uptake was noted on day 2 post cell transplantation between the MSC-injected and control
hind limbs, while significantly higher (p<0.05) SUV values were detected on days 10, 17, and 30
in the MSC-injected versus control limbs for the same 3 mice that displayed the highest BLI signal

(Fig. 3.31).
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Figure 3.3: A) MPI-measured iron content (mg) decreased monotonically over time for all 5 mice.
B) Average BLI radiance (p/sec/cm?/sr) showed slight initial decrease over first 15 days and then
increased over remaining experimental timepoints in 3 mice. BLI radiance in the remaining 2 mice
remained low at all timepoints after the initial decline. Note the scale is divided into low and high-
value ranges for the BLI data. C) '8F-TFB PET SUV values (g/mL) exhibited the same trends as
BLI for individual mice (i.e., mice with high BLI signal at a particular timepoint had high PET
SUV values, and vice versa). (D-F) MPI, BLI, and PET measurements normalized to their initial
measurement, respectively. (G-I) Grouped averages of the normalized data. Error bars represent
+/- SD. G) a significant decrease of MPI signal at all imaging timepoints compared to day 0 was
found (p<0.001; n=5). H) due to the high variability in BLI data across mice, significant
differences over time were not found. I) significant increases in SUV values between MSC-

injected hind limbs and control hind limbs were found on days 10, 17 and 30 (p<0.05; n=3).
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BLI signal showed 2 trends in MSC engraftment: an early phase from days 1 to 9 where the number
of viable cells decreased over time and a late phase from days 16 to 29 where the number of viable
MSCs generally increased over time. As a result, we show comparisons of the individual mouse
MPI and PET data to the corresponding BLI data for these early and late phases in Figure 3.4. MPI
signal and BLI signal were correlated during the early phase (R?>= 0.677; p<0.05; Figure 3.4C),
but not for the late phase as expected (R?>=0.0022; Appendices Figure 3.6). In contrast, BLI and
PET measurements were significantly correlated during the late phase at comparable timepoints

(R?>=0.9817; p<0.05; Figure 3.4F).
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Figure 3.4: MPI (A) and BLI (B) signal from early imaging timepoints (days 0-9 post MSC
injection), and correlational analysis of this data (C). 'F-TFB PET SUV values (D) and BLI signal
(E) from later imaging timepoints (days 10-30 post MSC injection), and correlational analysis of

this data (F).
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Control and MSC-injected hind limbs were harvested at endpoint (day 35 post MSC implantation)
for evaluation of iron presence and fluorescence protein expression, as shown in Figure 3.5. Iron
staining was present in the MSC injected limb only (Fig. 3.5A/B). As expected, both tdTomato
and zsGreen fluorescence were detectable only in the MSC injected limb (Fig. 3.5F/H.) and not in

the control limb (Fig. 3.5E/G.).
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Figure 3.5: A) PPB iron staining with nuclear fast red counter stain of a control limb showing
striated muscle cells and B) MSCs shown as darker and more dense cells with intracellular iron
(white arrow) surrounded by muscle cells (black arrow) of the hind limb tissue harvested post-
mortem (day 30). C) and D) show the DAPI staining of control and MSC cells, respectively. E)
and G) shows the absence of tTtomato and zsGreen fluorescence in the control hind limb, while

F) and H) show the presence of both fluorescence signals in the MSC-injected limb.
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3.4

Discussion

Although MSCs have been clinically-effective for numerous conditions, MSCs have been
observed to undergo either in-vivo apoptosis as a result of exposure to proapoptotic or cytotoxic
factors present [40][41], influencing their therapeutic effectiveness due to insufficient grafting
into host tissue. On the other extreme, MSCs can undergo malignant transformation over time
[42][43][44], hindering their therapeutic use due to concerns of safety. These limitations of MSCs
emphasize the importance of tracking these cell therapies to better understand their post-
transplantation fate. Since the location, engraftment and survival of administered MSC-based
therapies is a major determinant of clinical outcome, the goal of this study was to develop an MSC-
monitoring system using a multi-modal imaging approach. Multimodal imaging is a common
strategy that allows the collection of complementary information from multiple imaging
technologies [45][36][46][47]. In this study, MPI and PET reporter imaging were combined for
the first time to track MSCs in mice over a 30-day period, and showed the complementary nature
of the two modalities by demonstrating their strengths in tracking MSCs at both early and late
timepoints. The inclusion of bioluminescence imaging was important as it allowed comparison of
MPI and PET metrics to a highly utilized preclinical modality that reports on relative cellular

viability and proliferation, with superior sensitivity over time.

MPI is a relatively novel imaging modality developed in the early 2000s capable of directly
detecting the magnetization of iron-oxide probes with the use of low-frequency magnetic fields
[48]. Both prototype and commercial MPI scanners have been used in several studies for vascular
imaging [49], oncology [50][51] and cell tracking applications [4][52]. MPI holds promise for
clinical integration for cell-tracking applications as it has high depth penetration, produces linear

quantification, provides hyperintense “hot-spot” contrast with nearly no background signal from
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tissues, and can achieve high sensitivity [53][54]. Furthermore, SPIOs have been used clinically
and have not been shown to have effects on biological mechanisms, such as proliferative capacity
of cells [55][56][57]. Bulte et al. reported the first exploratory work with neural stem cells (NSCs)
and rat mesenchymal stem cell detection using clinical SPIONs and reported an in-vivo cellular
detection threshold of 3-5x 10* NSCs [58]. Other studies have reported more sensitive detection
thresholds as low as 200 SPIO-labeled neural cells [54] and 250 SPIO-labelled HeLa cells [52].
In our study, MPI showed high sensitivity in earlier phases and correlated with BLI data, enabling
MPI to accurately report on viable cell number for very early time points (up to day 9 in this work).
This is an essential benefit since one of the main limitations with MSC-based therapies is low and
inefficient homing to target sites which ultimately results in reduced therapeutic efficacy [4].
However, as anticipated MPI signal declined steadily over time since the labelling agent dilutes
when cells proliferate or as a result of agent clearance after apoptosis. MPI correlated with BLI at
early imaging timepoints, where BLI showed a decline in radiance. The initial decrease observed
with BLI can be mainly attributed to cell death post transplantation as MSCs have a typical “hit or
die” mechanism post engraftment. Other studies have also reported on the clearance and short
lifespan of MSCs post transplantation, although the mechanisms underlying post-transplantation
survival remain unclear [40][59]. Our data emphasizes the utility of MPI at earlier timepoints, and
its strong potential to assess successful MSC delivery, cell homing to target sites, as well as cell
numbers. Importantly, our study also highlights that caution should be taken in converting iron
measures in MPI with cell numbers at late imaging timepoints since mice with increasing BLI and
PET signal still showed decreasing MPI measures. It is recommended that MPI cell tracking
studies should include an independent measure of cell viability, like BLI or PET reporter gene

imaging, if the study is attempting to track cell numbers with MPI at extended time periods.
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PET has been widely used for cell-tracking applications in various cell types, both pre-clinically
and clinically. Many studies have used direct-labelling techniques with 2'-['8F]fluoro-2'-deoxy-D-
glucose ['*F]-FDG [7][60], ['*F]-Fluorothymidine (['*F]-FLT) [61], or [*Zr]-Oxine [62] for PET
detection of stem cells. Other studies have used genetic modifications to image stem cells with the
use of a reporter genes such as the mutant herpes simplex virus 1 thymidine kinase HSV1-sr39tk
[63], mutant human deoxycytidine kinase (hdCK3mut) [64], the dopamine type 2 receptor
(D2R80A) [65], as well as the sodium iodide symporter (NIS) [66][67][68]. NIS is a popular
reporter gene due to its minimal immunogenic risks due to its human-origin, the clinical use of its
compatible ['*F]-TFB probe, as well as the restricted background expression of NIS in endogenous
tissue (mainly thyroid). Fruhwirth’s group reported a sensitive in-vivo cellular detection limit of
2,000 NIS-positive cancer cells in a volume of 5x 10> cells using NIS/["®F]-TFB [69].
Vandergaast, R. et al., reported a similar detection limit of 2,500 NIS-expressing A549 cells in a
pellet of 1 X 10° cells for consistent detection with PET using ['F]-TFB [70]. In this work, PET
showed the lowest sensitivity when compared with MPI and BLI at earlier timepoints with no
significant difference noted between control and MSC-injected hind limbs uptake values (on day
2). However, at later timepoints PET signal was strongly correlated with increasing BLI signal,
during which the MPI signal decreased monotonically. An increase of BLI radiance at later
imaging timepoints (day 16-29) was observed in three of the five mice indicating the expansion of
luciferase-expressing cells. However, it is difficult to accurately deduce if MSCs have
differentiated in-vivo in this study. Other studies have assessed MSC in-vivo differentiation with
the use of well-characterized differentiation promoters with various reporter gene imaging

techniques [71][72][73]. Moreover, evidence suggests that MSCs can also undergo malignant

133



transformation, although the exact mechanism is still poorly understood [43]. In contrast, two mice
did not show the rapid increase in BLI signal or PET uptake. It is important to note that the
engineered MSCs were detectable with PET when the BLI average radiance was on the order of
107 p/sec/cm?/sr or higher. In the two mice with BLI signal of ~10° p/sec/cm?/sr, no detectable

PET signal was observed throughout the duration of the study.

While we have successfully used MPI and PET to image an intramuscular-injection model of
MSCs, a more clinically applicable disease model combined with MSC therapy would more
accurately represent the detection capabilities of this tracking system. Furthermore, the
optimization of genetic engineering with technologies such as CRISPR would improve the safety
reporter genes by allowing site-selective integration as opposed to the random integration of
lentiviral-transduced cells, as our group has shown previously [74]. It is important to note that the
in-vivo environment can slightly influence PET and BLI signal intensity as vascularization to the
local region has effects on the substrate delivery required for both reporters to generate signal.
While MPI signal is proportional to the iron label, there are different fates of the SPIOs in-vivo.
Dilution of the SPIOs occurs if MSCs are proliferating, and thus cannot accurately report on cell
number long-term. Studies have also shown that long-lasting signal from SPIOs mainly originated
from phagocytic cells (such as macrophages) that have engulphed the SPIOs found in the

extracellular spaces after implanted cells have died [75].

To our knowledge, this is the first study to accomplish MSC tracking with MPI and PET reporter
imaging. In accordance with the cellular detection thresholds reported in the literature, this work
showed more sensitive detection of MSCs with MPI in comparison to PET. This data suggests that
MPI has the potential to provide crucial early information on the success of accurate cell-delivery

with local injection, cell-homing with systemic administration by providing quantitative measures
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of cell number prior to excessive cell death or proliferation. However, at later imaging timepoints,
MPI signal was no longer quantitively accurate and did not reflect on cell viability and
proliferation, while PET produced signal that strongly correlated with BLI, emphasizing the
advantages of reporter gene imaging for longitudinal tracking applications. This study highlights
the importance of multi-modal imaging and the how one imaging approach will likely not suffice
in providing all the essential information, but rather can be combined with other imaging tools to
provide complementary information and overcome the limitation of the other. This bi-modal
imaging approach has the potential to report on cell biodistribution, homing, viability, and long-
term survival of administered MSCs for both local and systemic administrations. Additionally,
this system is not limited to MSCs and can be explored for its broad application for tracking of

other therapeutic cell types such as immune cells.
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CHAPTER 4

Imaging CAR-NK cells Targeted to HER2 Ovarian Cancer with Sodium
Iodide Symporter-Based Positron Emission Tomography

The human epidermal growth factor receptor 2 (HER2) is overexpressed by a myriad of solid
tumours and is associated with poor prognosis. Chimeric Antigen Receptor (CAR) cell therapies
use a CAR to redirect immune cells to target and kill cancer cells expressing a particular antigen.
Developing HER2-targeting CAR expressing immune cells (i.e. T cells of Natural Killer (NK)
cells), has recently attracted attention. CAR T cell therapies have shown tremendous progress for
treating hematological malignancies, while less effective in solid tumours. Furthermore, CAR T
therapies are associated with cytokine release syndrome (CRS), graft versus host disease (GvHD),
and neurotoxicity. Emerging CAR NK therapies are overcoming several limitations of CAR T
cells related to their source, manufacturing, price, and potential cytotoxicity. There is also an unmet
need for a robust, non-invasive clinically relevant imaging tool to track the in vivo fate of these
immunotherapies. In this study, we developed HER2-targeted CAR-NK cells co-expressing the
positron emission tomography (PET) reporter gene human sodium-iodide symporter (NIS). We
evaluated the therapeutic potential of these cells in a mouse model of HER2 ovarian cancer as well

as the ability to visualize these cells using PET.

Human NK-92 cells were engineered to express a HER2-targeted CAR, the bioluminescence
imaging (BLI) reporter Antares, and NIS. Human SKOV3-ipl ovarian cancer cells were
engineered to express the BLI reporter Firefly luciferase (Fluc). SKOV3-ipl were co-cultured with
different NK constructs at different ratios to show in vitro NK lytic abilities. HER2 CAR NK cells
exhibited significantly higher killing of co-cultured SKOV3-ip1 cells when compared to killing of

naive NK cells. Mice bearing Fluc-expressing SKOV3-ipl tumors received intraperitoneal
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4.1

injections of NIS* Antares” CAR NK cells. Tumour burden was tracked longitudinally with Fluc
BLI, and NK cells were longitudinally imaged with Antares BLI and PET using the NIS-targeted
tracer '8F-tetrafluoroborate (['®F]TFB) at endpoint. Mice receiving Antares-NIS-CAR-NK cells
showed significantly reduced tumor burden (Fluc BLI signal; p<0.05) and survived significantly
longer compared to control mice receiving either sham or naive NK-92 cell injections (p<0.05).
CAR-NK cells were visualized in the peritoneal space using both Antares BLI and PET.
Significantly higher ['®F]TFB PET signal was measured in mice receiving NIS cells compared to
control mice (p<0.05). We demonstrate the ability to use PET to non-invasively visualize a HER2-
targeted CAR-NK cell therapy that showed promising treatment responses in a highly aggressive

ovarian cancer model.

Introduction

Ovarian cancer is the most lethal gynecological cancer in women, with more than 65% of
diagnosed women expected to die from the disease [1]. While surgical tumour debulking remains
the main treatment for ovarian cancer, sometimes in combination with chemotherapy at later
disease stages, more than 70% of patients recur and develop drug resistant tumors [2][3]. New
treatment strategies that have the potential to improve the survival of women with this devastating

disease are needed.

Advancements in the understanding of important biological drivers of cancer have led to a new
and ever-expanding options of approved targeted therapies with many more in development [4].
Human epidermal growth factor receptor-2 (HER2), also known as HER2/erbB2, is a tumor-
associated antigen (TAA) that is over-expressed in ~10-20% of breast cancer cases, ~ 3% of
cervical and uterine cancer cases [5], and ~27.6% of ovarian cancer cases [6]. HER2 initiates

intracellular signaling pathways that promote tumour growth, survival and metastasis, and its
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overexpression is associated with poor clinical outcomes making this a promising and important
therapeutic target [7][8]. Trastuzumab (Herceptin) is a monoclonal therapeutic antibody directed
against HER2 that has shown remarkable results against HER2 breast cancer [9]. However, it has
not worked as well in HER2 ovarian cancer highlighting the need for exploring alternative HER2-

targeted therapies in the hope of improving therapeutic responses [10].

Chimeric antigen receptor (CAR) cell immunotherapies involve administering immune cells that
have been genetically modified outside the body to target a particular TAA and kill cancer cells.
The extracellular binding domain of a CAR binds a TAA to initiate the activation of numerous
intracellular signaling domains such as C-chain of the T cell receptor (TCR)/CD3 complex and the
v-chain of the high-affinity receptor for immunoglobulin E [11][12]. CAR-T cells have shown
transformative and even curative clinical results in blood cancer patients, and six CAR-T cell
therapies have been approved in the United States for the treatment of some patients with follicular
lymphoma, mantle cell lymphoma, diffuse and primary mediastinal large B-cell lymphoma, B cell
acute lymphoblastic leukemia, and multiple myeloma. In addition, many new CAR designs are
being explored for the treatment of solid tumors in both preclinical models and clinical trials,
[13][14]. Recent studies have developed HER2-directed CAR T cells for the treatment of
colorectal cancer [15], breast cancer [16], gastric cancer [17], sarcoma [18], glioblastoma [19],

ovarian cancer [20], osteosarcoma[21], and medublastoma [22].

Despite the remarkable clinical success, wider application of CAR-T cells have been hindered by
life-threatening side effects such as cytokine release syndrome (CRS) and immune effector cell-
associated neurotoxicity syndrome (ICANS) [23]. In addition, CAR-T cells have not demonstrated

the same level of therapeutic efficacy against solid tumors as blood cancer. Finally, CAR T cells
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can trigger graft-vs-host disease and thus autologous therapies derived from the patient are
required. This increases production complexity, production times and overall cost [24]. In the last
decade, natural killer (NK) cells have become a promising alternative to T cells that have several
benefits. Endogenous NK cells have significant cancer cell killing potential through the
recognition and binding of their activation receptors, causing the release of lytic granules
[25][26][27]. NK cells also be used as an allogenic source to make an “off-the-shelf” therapy as
they do not cause GVHD. Early studies in patients with B cell acute lymphoblastic leukemia have
shown promising efficacy without evidence of severe CRS, ICANS, or GvHD
[28][29][30][31][32][33]. In 2022, there were 31 global clinical trials registered to address the
safety and efficacy of CAR-NK cells in patients with hematological cancer [29]. However,
difficulties in isolation, purification and expansion of primary NK cells potentially limits their
widespread clinical use [34]. As an alternative, many groups have used NK-92 cells, an
interleukin-2 (IL-2) -dependent human NK cell line, that can be easily expanded, engineered, and

have demonstrated sustainable cytotoxicity against many cancer types [35][36][37][38].

Methods to track cellular immunotherapies in the clinic are lacking. Rudimentary techniques such
as blood tests to assess peripheral blood cytokines, or single-site biopsies are inadequate for
assessing micrometastasis and evaluating therapeutic response [39]. Understanding CAR therapy
kinetics and in vivo behavior of CAR therapies can enable interpretation of therapy response and
shortcomings which can facilitate further therapeutic success and progress in the clinic. To
optimize the efficacy of these therapies, non-invasive dynamic imaging to monitor CAR therapies
is required. While some patients receiving the CAR therapy show therapeutic response, some
patients experience tumour progression or pseudoprogression (followed by favorable tumour

regression), which can oftentimes be misinterpreted by traditional imaging with CT or '*F-FDG
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PET [40]. Thus, a non-invasive imaging platform that can accurately report on case-by-case
response to CAR therapy would provide a clearer picture. To image the trafficking, infiltration and
accumulation of CAR immunotherapies directed against solid tumours, a sensitive clinical imaging
modality which provides 3D whole-body imaging using a non-immunogenic imaging approach
that does not impact CAR functioning, would be the holy grail for treatment assessment. Previous
studies have shown the use of PET imaging of CAR T [41][40][42]. Ponomarev et al., transduced
CAR T cells with the herpes simplex virus thymidine kinase (HSVtk) and correlated the BLI signal
of MSLN+ tumours with PET signal of the MSLN-directed CAR T cells [40]. However, they
reported that HSVtk-expressing CAR T cells were less effective in tumour killing than CAR T
cells alone, and increased HSVtk expression affected CAR T cell viability. Pomper et al., labeled
CD19 targeted-CAR T cells with a truncated prostate specific membrane antigen (tPSMA) for
imaging with PET and reported an in vivo detection limit of 2,000 CAR T cells [41]. However,
there are potential issues with overexpression of PSMA in CAR T cells [43]. Sellmyer tested the
expression of the E. coli dihydrofolate reductase enzyme (¢eDHFR) on CAR T cells and
successfully imaged with PET [42]. In this study, we employ the human Sodium lodide symporter
(NIS) as a non-immunogenic PET reporter gene to visualize HER2 targeting CAR-NK therapy.
NIS is an intrinsic membrane transporter that has seen significant attention as a PET reporter gene
due to its human-origin (minimizing immunogenicity), its ability to function as a therapeutic gene,
and its compatibility with many PET probes to allow for whole body PET imaging [44][45][46].
Thus, NIS was incorporated into the HER2-targetting CAR NK-92 therapy to enable non-invasive
visualization of NK cells with PET. Furthermore, CAR-NK-92 cells were additionally engineered
with Antares, which serves as a BLI reporter gene for sensitive in-vivo cellular tracking when

administered with its optimized substrate fluoroflurimazine (FFZ) [47]. In this work, we developed
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trackable HER2-targeted CAR NK-92 cells, which were non-invasively visualized using NIS-

PET, that slowed the progression of HER2 positive ovarian cancer in mice.

Materials and Methods

4.2.1 Cell Lines

The HER2* human ovarian cancer cell line, SKOV3-ip1, was a kind gift from Dr. Trevor Shepherd
(University of Western Ontario) and cultured in McCoy’s 5a Medium Modified (ThermoFisher
Scientific, 16600-082, Massachusetts, USA) supplemented with 10% fetal bovine serum (FBS)
(ATCC® 30-2020™, Virginia, USA). NK-92 cells were purchased from American Type Culture
Collection (ATCC® CRL-2407™, Virginia, USA). NK-92 cells were maintained in aMEM
(ThermoFisher Scientific, 12000-063, Massachusetts, USA,) supplemented with 1.5 g sodium
bicarbonate (Sigma-Aldrich, S5761, Missouri, USA), 0.2 mM of Myo-inositol (Sigma-Aldrich, I-
7508, Missouri, USA), 0.02 mM folic acid (Sigma-Aldrich, F-8758, Missouri, USA), 12.5% fetal
bovine serum (not heat-activated, ATCC® 30-2020™, Virginia, USA), and 12.5% Horse Serum
(not heat activated- ThermoFisher Scientific, 16050122, Massachusetts, USA). Complete media
included 0.1 mM of 2-mercaptoethanol (ThermoFisher Scientific, MA, USA 21985-023) and 500
U/mL of recombinant human IL-2 (Sigma-Aldrich, 17908, Missouri, USA). All cells were kept in
a humidified incubator with 5% CO» at 37°C and routinely confirmed to be mycoplasma-free using

the MycoAlert mycoplasma detection kit (Lonza LT07-318, Basel, Switzerland).

4.2.2 Cloning and Lentiviral Production

All cloning was performed using an In-Fusion kit (Takara Bio USA, Inc. CA, USA). A lentiviral
transfer plasmid was made encoding the human elongation factor a promoter (pEF1a) driving an

anti-HER2 CAR that uses a designed ankyrin repeat protein (DARPin) as the tumor-antigen
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targeting domain (a kind gift from Dr. Jonathan L. Bramson and described previously in [48]).
Downstream of this CAR, the bioluminescence imaging (BLI) reporter gene Antares (Addgene,
MA, USA 74279) was cloned and separated by a T2A self-cleaving peptide sequence to make a
pEF1a-HER2CAR-Antares transfer plasmid. A second transfer plasmid also driven by the pEF1
contained zsGreen (ZsG) followed by the NIS gene (Origene technologies, Inc. MD, USA
NM_000453) separated by the T2A self-cleaving peptide sequence (pEF1a-ZsG-NIS). Finally, a
previously made pEFla-tdT-Fluc lentiviral transfer plasmid containing a tdTomato (tdT) (from
Addgene plasmid #48688) and the BLI reporter gene Firefly luciferase (Fluc) under the control of

pEF1 was used (previously cloned and decribed in [49]).

For the pEF1-ZsG-NIS construct, lentivirus was produced by a commercial vendor at a titre of 108
IFU/ml (Origene technologies, Inc. MA, USA: custom made). The other viruses were produced in
house using each of the above transfer plasmids with the packaging and envelope plasmids
pMDLg/pRRE, pRSV-Rev, and pMD2.G (Addgene MA, USA plasmids #12251, #12253, and
#12259, respectively). Human embryonic kidney (HEK 293T; ATCC, Virginia, USA) cells were
transfected with Lipofectamine 3000 (Thermo Fisher Scientific, MA, USA) in accordance with
the manufacturer’s lentiviral production instructions (Thermo Fisher Scientific Inc., MA, USA).
After 24-48 hours, viral-containing supernatant was collected and filtered with a 0.45 pm filter

and frozen at -80 °C until use.

4.2.3 Lentiviral Transductions

SKOV3-ipl cells were transduced with the pEF1-tdT-Fluc lentiviral vector using 8-pug/mL

polybrene. Transduced cells were sorted for tdT using a FACSAria III fluorescence-activated cell
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sorter (BD Biosciences, Ontario, Canada) to obtain FluctdT"SKOV3-ipl cells with a purity of

98%.

NK-92 cells were either transduced with one or both the pEF1-HER2CAR-Antares and/or pEF1-ZsG-
NIS lentiviral vectors at a multiplicity of infection of 70 and with 8 pg/mL of polybrene. NK cells
transduced with EF1-HER2CAR-Antares virus were sorted for cyOFP1 in Antares and cells
transduced with the EF1-zsG-NIS virus for zsG. The brightest 10% of engineered cells were
collected with a purity of 93% for Antares® CAR NK cells, 98% for NIS* NK cells (No CAR), and

98% for NIS* Antares" CAR NK cells.

4.2.4 HER2 Analysis

For assessment of HER2 expression, SKOV3-ip1 cells were stained using an Alexa Fluor 488 anti-
human CD340 (ErbB2/HER2; 5 pl per million cells in 100 pl staining volume; BioLegend
California, USA 324410) prior to flow cytometric analysis using a FACS flow cytometer (BD

Biosciences).

4.2.5 Cytotoxicity Assay

To evaluate immune cell cytotoxicity, Fluc'tdT"SKOV3-ip1 cells were cultured alone or with
naive NK cells, NIS" NK cells, Antares” CAR NK cells, or NIS™ Antares” CAR NK cells at
different effector: target (E:T) ratios. A 1:1 of effector to target ratio used 2x10° cells of each cell
type, and for different E:T ratios (2:1, 5:1), the number of effector NK cells was increased
accordingly. After 24 hours of co-culturing, Fluc BLI was performed to assess cancer cell viability
by adding 150-pg/mL D-luciferin to each well and imaging plates on an IVIS Lumina XRMS

scanner (PerkinElmer, MA, USA). Regions of interest were drawn over each well using
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Livinglmage 4.5.2 software (PerkinElmer, Massachusetts, USA) and average radiance (p/s/cm?/sr)

at peak signal was used.

Time-lapse fluorescence microscopy of Fluc"tdT*SKOV3-ipl cells co-cultured with either NIS*
NK or NIS* Antares® CAR NK cells at a E:T of 2:1 was performed on a CytoSMART Lux3 FL
incubator microscope (CytoSMART Technologies BV, AZ Eindhoven, Netherlands). Each image
an exposure time of 1020 ms, gain of 45, and intensity of 36%, and were acquired every 15 minutes
for 36 hours. The number of tdT-positive cancer cells over time were measured using the

CytoSMART software.

4.2.6 Animal Model

Animals were cared for in accordance with the standards of the Canadian Council on Animal Care,
and experiments were conducted as specified in our approved animal use protocol (AUP 2020-
025). Fluc"tdT*SKOV3-ipl cells (10° in 100 uL) were injected intraperitoneally into
immunocompromised female NOD scid gamma (NSG) mice and tumour progression was
monitored with Fluc BLI as described below. One week post tumor inoculation, mice were
administered intraperitoneally on days 8, 11 and 14 post cancer cell inoculation with either PBS
(sham; n=4), 1.5x107 of naive NK cells (n=4), or 1.5x107 NIS* Antares” CAR NK cells (n=6).
Following NK cell delivery, all mice received daily intraperitoneal injections of interleukin-2 (IL-

2; 12,500 IU) except on treatment days 8, 11, and 14 and up until day 35.

4.2.7 Fluc BLI of Tumour Burden

Mice were anesthetized with 2% isoflurane, injected intraperitoneally with D-luciferin (150
pg/mL) (Sigma Aldrich, Missouri, USA 808350) and imaged with an IVIS Lumina XRMS In Vivo

Imaging System (PerkinElmer, Massachusetts, USA). Images with auto exposure times were
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captured with a 60 second delay for 30 minutes, with a field of view of 12 cm. Regions of interest
were drawn manually around the entire mouse body using the Livinglmage software (PerkinElmer,
Massachusetts, USA) to measure the average radiance (p/s/cm?/sr). Peak average radiance

observed during the 30 minutes scan time was used for data analysis.

4.2.8 Antares BLI of NIS™ Antares” CAR NK cells

BLI of mice receiving NIS" Antares” CAR NK cells was performed over 30 minutes following
intraperitoneal injections of the Antares substrate fluoroflurimazine (FFZ) as previously described
(50 pL of stock solution diluted 50x in PBS; 50 pL injected; FFZ was kindly gifted by Promega,
Wisconsin, USA) [50]. Regions of interest were drawn manually around the entire mouse body

and the peak average radiance (p/s/cm?/sr) over the 30-minute imaging window was determined.

429 [®F]TFB PET

PET imaging was performed to evaluate the ability of visualize NIS" Antares” CAR NK cells.
Mice were anesthetized with 2% isoflurane, injected with 10-15 MBq of ['®F]TFB in 100-150 uL
and imaged with a Siemens Inveon™ microPET system (Siemens Medical Solutions USA, Inc.).
Animal breathing rate and body temperature were monitored and kept between 40-70 bpm and at
37°C, respectively, using a custom-made animal holder that allowed for simultaneous multi-mouse
imaging. Dynamic PET images were acquired for 45 minutes post ['*F]TFB tail vein injection.
Images were reconstructed using ordered subset expectation maximization (OSEM).
Quantification of PET signal was performed by manual segmentation of ROIs using Horos Project
software v3.3.6. Maximum Activity Projections (MAPs). Standard Uptake Value (SUV) was

calculated with the below equation:
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suv (i) _ Pixel value (m)*weight (kg) « 1000 (i) .
mL Dose (Bq) kg

4.2.10Peritoneal Lavage

Mice were euthanized by cervical dislocation and the peritoneal cavity was flushed with 1 mL of
PBS using a 27-gauge syringe, followed by aspiration of the peritoneal fluid to assess for cellular
composition. The aspirate was strained with a 70 um nylon strainer, spun down at 200 relative
centrifuge field(rcf) for 10 minutes, and resuspended in 1 mL of PBS buffer solution containing
2% FBS, 1 uM EDTA, and 25 uM HEPES. Cells suspensions were assessed for the presence of
Fluc"tdT*"SKOV3-ipl and NIS* Antares” CAR NK cells using a FACSCanto flow cytometer and

FlowJo v10 software (BD Biosciences, Ontario, Canada).

4.2.11Histology and Microscopy

Tumour masses within the peritoneal space, as well as the ovaries, were collected and fixed in 4%
paraformaldehyde for 24 hours. Half the tumour masses and one ovary from each mouse were
embedded in paraffin, sectioned, and stained with hematoxylin-eosin. The remaining ovary and
the other half of tumour tissue were immersed in increasing concentrations (10, 20 and 30%) of
sucrose solutions for freezing. Frozen tissues were then cryosectioned and fluorescence
microscopy was performed to visualize NIS* Antares” CAR NK cells (also express ZsG). Both
bright-field and fluorescence images were acquired with a Revolve fluorescence microscope (Echo

Microscopes, California, USA).
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4.2.12 Statistical Analysis

Two-way repeated measures Analysis Of Variance (ANOVA) with multiple comparisons were
used to compare Fluc and Antares BLI radiance over time between mouse cohorts. Mouse survival
data were displayed on a Kaplan-Meier curve and a logrank Mantel-Cox test was used to compare
survival between cohorts. For PET data analysis, an unpaired t test (assuming Welch correction)
was used to compare the SUV values between cohorts. Statistical analysis was performed with
GraphPad Prism Software (Version 7.00 for Mac OS X, GraphPad Software Inc., La Jolla
California USA, www.graphpad.com). All data are expressed as mean + standard deviation of at
least three independent experiments and a p-value less than 0.05 was considered statistically

significant.

Results

The lentiviral construct in Figure 4.1A was used to make Fluc+ tdT+SKOV3-ip1 cells with a purity
of 98%. Flow cytometry revealed the presence of HER2 expression in SKOV3-ipl cells (Fig.
4.1B). Figure 4.1D shows the lentiviral constructs used to engineer NK-92 cells. First, NK cells
were transduced with either a lentivirus encoding zsG and NIS to make NIS+ NK cells (98% purity
after sorting; Fig. 4.1F) or a HER2-CAR-Antares lentivirus to make Antares+ CAR NK cells (93%
purity after sorting; Fig. 4.1G). A subset of NK-92 cells was transduced with both vectors to
produce NIS+ Antares+ CAR NK cells (purity of 98% after sorting; Fig. 4.1H). Figure 4.11 and
4.1J show a BLI cytotoxicity assay using the four effector NK cell phenotypes against
Fluc+tdT+SKOV3-ipl cells at different effector to target ratios. Average BLI radiance
(p/sec/cm2/sr) of cells demonstrated significantly higher cytotoxicity with CAR-expressing NK

cells in comparison to non-CAR expressing NK cells at all E:T ratios (p<0.05). No differences in
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cytotoxicity were observed between non-CAR expressing NK cells (naive NK cells and NIS+ NK

cells) or CAR-expressing NK cells (Antares+ CAR NK cells and NIS+ Antares+ CAR NK cells).
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Figure 4.1: A) Lentiviral construct used to engineer SKOV3-ipl ovarian cancer cells containing
the human elongation factor 1 alpha promoter (pEF1a) to drive expression of tdTomato (tdT) and
Firefly luciferase (Fluc) separated by a T2A peptide sequence. Flow plots showing
Fluc"tdT*SKOV3-ip1 cells (B) without or with HER2 immunostaining. C) Flow plots showing
naive SKOV3-ipl and Fluc'tdT"SKOV3-ipl. D) Lentiviral constructs used to engineer NK-92
cells. Describe constructs. E-H) Flow plots confirming the expression of zsG and Antares in NK-
92 cells engineered with both constructs in D. I) Cytotoxicity assays by BLI-Fluc showing various
levels of ovarian cancer killing upon co-culturing of Fluc*'tdT'SKOV3-ipl with NK cells at
different effector to target ratios. Naive NK and zsG" NIS* NK effectors showed no significant
difference in cancer killing at all ratios, while CAR Antares” NK and NIS* Antares” CAR NK cells

showed more cancer killing (significantly higher than non-CAR-expressing NK effectors),
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especially at higher ratios (J.). There was no significant difference in killing abilities between CAR

Antares” NK and NIS* Antares” CAR NK effector cells (J).
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For in-vivo experiments, 105 Fluc'tdT*SKOV3-ip1 cells were injected intraperitoneally into 14
NSG mice and tumour progression was monitored with Fluc BLI (Figure 4.2A). One week post
inoculation, mice received either intraperitoneal injections of PBS (n=4), naive NK cells (1.5x107;
n=4), or NIS" Antares” CAR NK cells (1.5x107; n=6). These injections were repeated on days 11
and 14. Mice receiving either NK therapies also received daily intraperitoneal injections of IL-2
(12,500 units) except for therapy days. As demonstrated by Fluc BLI signal from
Fluc"tdT*"SKOV3-ipl cells, mice receiving PBS or naive NK cell injections showed continuous
and rapid growth of tumours (Fig. 4.2B). Mice receiving NIS™ Antares” CAR NK cells showed
significantly reduced average BLI signal compared to both control groups on days 14, 18, 23 and
28 (p<0.05; Fig. 4.2C). Additionally, the NIS" Antares” CAR NK cell therapy resulted in a
significantly higher survival compared to mice receiving either PBS or naive NK cells (p<0.001;

Fig. 4.2D).
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Figure 4.2: A) Experimental design of mouse studies. B) Fluc BLI images of tumor burden from
a representative mouse from each cohort (PBS, Naive NK and NIS*™ Antares* CAR NK). C)
Average Fluc BLI radiance from all mice showed significantly lower tumour burden in mice
receiving NIS* Antares” CAR NK cells compared to both other control cohorts at day 14, 18, 23
and 28 (*p<0.05). D) Kaplan-Meier curve analysis showed significantly increased survival in mice
receiving NIS* Antares” CAR NK cells compared to mice receiving PBS or Naive NK cells
(***p<0.001).
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Starting the day of NK cell administration (Day 8), mice receiving NIS* Antares” CAR NK cells
were additionally imaged with Antares BLI twice per week (Fig. 4.3A). Antares signal fluctuates
in response to the NK cell injections and stabilized once NK administration was halted. Daily
injections of IL-2 to mice were halted on day 33 and the Antares BLI signal remained relatively
stable thereafter. On Day 27, mice receiving either NIS* Antares” CAR NK cells (n=4) or PBS
injections (n=3) were imaged with PET using the NIS tracer '*F[TFB] (Fig. 4.3 C & 4.3 D).
Maximum activity projections (MAPs) are shown where mice receiving PBS injections display
uptake in endogenous tissue expressing NIS such as the salivary glands, thyroid, and stomach, as
well as signal from the bladder due to the urinary clearance of the 'F[TFB] probe. In contrast,
mice receiving NIS* Antares” CAR NK cells showed additional "*F[TFB] uptake in regions within
the peritoneal cavity. Regions of interest (ROIs) were drawn over these areas in the NIS™ Antares™
CAR NK cell group, as well as general peritoneal ROIs for the PBS group, and analysis showed

significantly higher peritoneal PET signal (SUV) in treated mice (Fig. 4.3E).
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Figure 4.3: A) Longitudinal Antares BLI images of a representative mouse receiving NIS*
Antares” CAR NK cells. B) Average radiance from Antares BLI images from all mice receiving
NIS* Antares” CAR NK cells. Ceasing daily injections of IL-2 at day 35 resulted in stable Antares
BLI signal from NIS* Antares” CAR NK cells. C and D) '8F[TFB] PET images of control mice
(CM) receiving sham (PBS) injections and treated mice (TM) receiving NIS* Antares” CAR NK
cells on day 27 post cancer cell inoculation. '*F[TFB] uptake is noted in NIS-expressing tissues
and clearance routes (salivary glands (SG), thyroid (Th.), stomach (St.) and bladder (Bl.)) shows
uptake of '8F[TFB]. Additional '8F[TFB] uptake is noted in the peritoneal of all mice receiving
NIS* Antares” CAR NK cells. E) Significantly higher peritoneal PET signal (SUV) was measured
in mice receiving NIS* Antares” CAR NK cells compared to mice receiving PBS injections

(*p<0.05).
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On day 30, one control mouse and one mouse receiving NIS™ Antares® CAR NK cells were
sacrificed, and peritoneal lavages were performed to assess the cellular composition within the
peritoneal cavity (Fig. 4.4A). Assessment of the cellular aspirate with flow cytometry revealed
tdtomato positive cancer cells in both mice but zsGreen positive cells only in the mouse receiving
NK cell therapy (Fig. 4.4C and 4.4E). Following lavage, laparotomies were performed for gross
assessment of the presence of ascites and tumors. The control mouse showed ascites within the
peritoneal space and a larger tumour mass (Fig. 4.4B). In contrast, the mouse receiving NIS*
Antares” CAR NK cells which showed no signs of ascites and had a visually smaller tumour lesion

(Fig. 4.4D).
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Figure 4.4: A) Peritoneal lavages performed with PBS injections into the peritoneal space
followed by aspiration to collect and assess cellular composition. B) Control mouse receiving PBS
injections showed larger cancer mass (white arrow) and ascites (blue arrow) within the peritoneal
spaces. D) Mouse receiving the NIS™ Antares” CAR NK cell therapy showed smaller tumour mass
(white arrow) and no signs of ascites. C and E) Flow cytometry assessment of peritoneal lavage
fluid showed tdTomato positive cells in both mice with additional zsGreen positive cells only in

the mouse receiving the NIS™ Antares” CAR NK cell therapy.
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At endpoint, tumour masses and ovaries were harvested and preserved for H&E staining on
paraffin sections, as well as fluorescence microscopy of frozen sections (Figure 4.5). Figure 4.5
shows representative sections of tumors and ovaries in mice receiving either PBS injections or

NIS* Antares” CAR NK cell therapy.

Tdtomato fluorescence (from Fluc*tdT*SKOV3-ip1 cells) is present in both tumours of control
mice and mice receiving NIS™ Antares” CAR NK cells. Less tdTomato fluorescence is observed in
the ovaries of both control mice and mice receiving NIS* Antares* CAR NK cells. Mice receiving
NIS* Antares” CAR NK cells (also zsG-positive) showed zsG fluorescent cells in the cortex
surrounding the ovaries (Fig.4.5]), but few zsG positive nuclei are present in the medulla of the
ovary. Mice receiving NIS* Antares” CAR NK cells did not show zsGreen fluorescence within or

around the tumour masses.
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Figure 4.5: Tissue sections of tumour masses (A-B) and ovaries (C-D) stained with Hematoxylin
and Eosin (H&E) of a control mouse and a mouse receiving the NIS* Antares” CAR NK therapy.
Fluorescence images showing DAPI (nuclei; E-H), TdTomato (Fluc'tdT*"SKOV3-ip1 cells; I-L),
zsGreen (NIS" Antares” CAR NK; M-P), and the merged images (Q-T). ZsGreen positive cells are
shown on the periphery of the ovaries in mice receiving the NK therapy (T). Few zsG positive

cells are seen infiltrating inside the ovaries.
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4.4

Discussion

Clinical use of CAR T cell therapies for the treatment of leukemia, lymphoma and myeloma has
shown unprecedented outcomes in patients with relapsed/refractory disease [51][52][53][54].
However, CAR T cells undergo immense proliferation post-infusion, which is associated with
cytokine release syndrome (CRS) and neurotoxicity [55][56]. Furthermore, there is poor
therapeutic benefit of using CAR T cells for solid tumours due to poor penetration into tumour as
well as inhibition by a hostile tumour microenvironment [57][58][59]. CAR NK cells are
becoming attractive alternative therapeutics that can negate the above limitations due to their
ability to circumvent CRS and graft versus host disease (GvHD), provide an “off the shelf”
allogenic product via NK cell lines and iPSC-NK cells which culture an unlimited supply, and
elicit anti-tumour effects in CAR-independent mechanisms through intrinsic activation receptors
as well as via anti-body dependent cell-mediated cytotoxicity (ADCC) [60]. CAR NK cell also
possess multiple mechanisms of cancer killing through both CAR-dependent and CAR-
independent pathways [24]. Imaging tools that allow post-infusion tracking of these therapeutic
cells could provide essential information such as sensitive and real-time tracking of cellular
therapies, the potential to predict side effects due to rapid and uncontrolled proliferation, as well
as predict therapeutic outcome, or lack thereof. In this study we develop a HER2 targeting-CAR

NK therapy which can be visualized with the PET reporter gene, the Sodium-lodide Symporter.

Several PET reporter genes have been used to track CAR-T cells such as herpes simplex virus-
thymidine kinase (HSVI1tk), Escherichia colidihydrofolate reductase enzyme (eDHFR),
somatostatin receptor 2 (SSTR2) and prostate-specific membrane antigen (PSMA)
[41][61][42][62]. We employed NIS as our PET reporter gene as NIS is human-derived with

minimal immunogenicity that is uniquely characterized by its ability to rapidly uptake radiotracers,
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with the majority of its tracer up taken in the first 10 minutes post administration [63]. It is also
compatible with a clinical fluorine-based PET tracer, '®F-tetrafluoraborate (‘*F-[TFB]) whose
radionuclide has a short half-life (110 minutes), short positron diffusion range in tissue (< 2.4 mm),
and high positron yield [64], to provide a sensitive approach for PET whole body imaging. Several
groups have utilized the advantages of NIS for imaging of various immune cells [43][66][67]. Lee
et al., first employed the NIS to track migration of dendritic cells (DC) to lymph nodes with both
1241 and '"8F[TFB] for PET/CT detection [65]. Similarly, Emami-Shahri’s ef al., has also developed
NIS-expressing CAR T cells with administration of [**™Tc]TcO4 radiotracer for SPECT/CT
imaging [66]. To our knowledge, this is the first time NIS-expressing CAR-NK cells have been

imaged with PET.

Our in vitro studies showed that CAR NK cells with or without NIS reporter gene showed similar
levels of cytotoxicity towards SKOV3-ip1 cells, indicating NIS expression did not influence CAR
lytic function. The addition of a CAR component increased cytotoxicity above NK-92 cell killing
(Fig. 1). As performed previously [50] [68], we employed dual in vivo BLI to monitor both cancer
cell and CAR NK cell populations in the same animals over time. Firefly luciferase (Fluc) was
used to monitor SKOV3-ip1 cells, and we show mice receiving either PBS, or naive NK injections
showed significantly higher tumour burden when compared with mice receiving the NIS* Antares™
CAR NK cell treatment (Fig. 4.2B). Thus, our HER2-targeted CAR-NK cells were able to
significantly slow tumor progression in this highly aggressive model of HER2 ovarian cancer and
prolonged the overall survival of treated mice (Fig. 4.2C). Although the HER2 CAR therapy did
not cure the mice, future studies can look at optimizing CAR construct, increase CAR expression

levels, or increase the dose of administered CAR NK therapy.
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To monitor the CAR-NK cell population, we used the BLI reporter Antares, which is an optimized
fusion of two orange-red fluorescent proteins called CyOFP1 excited by cyan light with NanoLuc
[47]. Antares is a highly sensitive BLI reporter which can produce drastically brighter in vivo
signal from deep tissues compared to FLuc and other BLI reporters. We also employed the Antares
substrate FFZ which has been shown to strongly enhance bioluminescence signal in vivo, in
comparison to other Antares-compatible substrates, to maximize sensitivity towards CAR NK
detection [50]. Our Antares BLI data showed signal from CAR-NK cells present within the
peritoneal spaces of mice, indicating the co-localization of both immunotherapy and tumour cells.
NIS* Antares” CAR NK cells were longitudinally imaged using BLI with a stronger BLI signal
originating from the bottom right quadrant of the animal (Fig. 4.3A.). This area also corresponds
to the location of a large tumour mass observed in this and other sacrificed animals after exposure
of their peritonea (Fig. 4.4A.), suggesting localized proliferation of therapeutic NK cells at the
sites of tumours. To further validate this system in vivo, non-invasive imaging of the NIS-
expressing CAR NK cells was performed. While uptake was observed in endogenous tissues as
expected, mice receiving the NIS*™ Antares” CAR NK cell therapy also displayed uptake in other
sites within the intraperitoneal cavity (Fig 4.3D, blue arrows). No uptake was observed in the right
quadrant as was seen with Antares BLI which could indicate the lack of NIS™ Antares” CAR NK
cells present at the time of PET imaging (Day 27). Upon histological comparisons, no zsGreen
fluorescence was observed at the primary tumour sites, matching the lack of PET uptake in those

regions.

NK-92 cells are an I1-2 dependent cell line. While some studies have irradiated the NK-92 cells
prior to implantation to prevent in vivo expansion, others have provided Il-2 without irradiation

[28]. Similarly, studies have engineered NK-92 cells to endogenously express I1-2 and other
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cytokines (i.e. I1-15) [69][70]. In our study, after day 33 IL-2 injections were halted to suppress
the growth and expansion of NK cells in vivo. As seen in Figure 4B, Antares BLI signal showed
stable levels until endpoint. In the future we will explore co-engineering our NK-92 cells with a
suicide gene such as the Herpes simplex virus- thymidine kinase (HSV-tk) or human induced
Caspase 9 (iCas9), to allow their selective killing following a defined treatment period [71][72].
Interestingly, NIS may also be explored as a suicide gene by administering mice with lodide-131,
which would limit the size of our lentiviral constructs [73][74][75]. However, this approach would
result in cytotoxicity in NIS-expressing endogenous tissue (thyroid, stomach, salivary glands, and

mammary glands).

After an average peak Antares BLI signal on day 25, PET was performed on day 27. Mice
receiving either PBS or NIS* Antares” CAR NK cell injections were imaged with PET post IV
injections of *F-[TFB]. Assessment of SUV revealed significantly higher (p<0.05) uptake in mice
receiving NIS* Antares” CAR NK cells compared to mice receiving PBS injections in areas within
the peritoneal space (Fig. 4.3E.). Although stand-alone PET is limited in providing anatomical
context, it is believed that the increased SUV in the peritoneal spaces (in Fig. 4.3D blue arrows)
corresponds to the ovaries as seen in figure 5J., indicating homing of NK cells to the ovaries in

mice receiving the NIS* Antares” CAR NK treatment.

Peritoneal washes with PBS were performed on day 30 to collect cells from within the peritoneal
space and assess for either the absence or presence of zsGreen positive cells in one mouse receiving
PBS and another receiving NIS* Antares” CAR NK cells. As shown in figure 4.4C, the cell aspirate
showed approximately 3% of cells to be tdTomato positive, indicating the presence of SKOV3-
ipl cells. The peritoneal wash from the mouse receiving NIS* Antares” CAR NK cell injections

shows approximately 2% of cells expressing tdTomato and approximately 1% of cells were
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zsGreen positive (Fig. 4.4E), indicating the presence of both SKOV3-ip1 and NIS* Antares” CAR
NK cells. Upon exposure of peritoneal spaces of mice, a larger tumour mass, in addition to ascites
along the inner peritoneal lining, were evident in the control mouse compared to the mouse from
the treatment group (Fig. 4.4B and 4.4D.). Thus, while this therapy did not eliminate the entirety
of tumour masses, it showed robust tumour lysis and can be used as an adjuvant therapy, post

standard chemotherapy or surgical debulking.

Histological sections and tissue fluorescence of the ovaries and tumour sections were observed.
Sections of ovaries in mice receiving sham injections show similar DAPI and tdTomato to mice
receiving the NIS* Antares® CAR NK cell therapy. Mice receiving the NK therapy show additional
zsGreen fluorescence along the cortex of the ovaries, indicating some peripheral infiltration of the
therapy. Sections of tumour masses for mice receiving the sham injections as well as mice
receiving the NIS* Antares” CAR NK cell therapy both show qualitatively similar DAPI and
tdTomato fluorescence. Mice receiving the NIS™ Antares” CAR NK cells therapy do not show
zsGreen fluorescence within their tumour mass. Fluorescence sections of mice receiving NK
therapy also imply that tumour infiltration is still a challenge for this therapy and methods to
improve tumour penetration are needed. Furthermore, the incomplete eradication of the tumour in
mice receiving the NIS* Antares” CAR NK cell therapy could indicate insufficient numbers of

therapeutic cells (either at time of administration or their in vivo persistence).

4.4.1 Limitations

While NIS* Antares” CAR NK cell therapy showed effective antitumor activity, complete tumour
clearance was not shown. To improve tumour lysis, enhancements to the CAR can be incorporated
such as using more potent generation CARs which include intrinsic cytokine release from NK-92

cells to alleviate dependence on exogenous cytokines, or incorporate multiple tumour antigen
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recognition domains to overcome antigen escape [11]. There are also limitations associated with
the imaging platforms used for tracking the NIS* Antares” CAR NK cells. One of the limitations
of the NIS reporter gene imaging is its background expression in organs such as the thyroid,
stomach, and salivary glands, in addition to urinary clearance. This poses a challenge to visualize
cell trafficking to these areas. To further exacerbate this limitation, PET lacks sufficient anatomical
information to provide accurate distribution information on the cells. While this was not a major
challenge for our peritoneal ovarian cancer model, it may restrict the use of this imaging reporter
gene for other cancers with different biodistribution and metastatic spread. Another limitation
with this cell theranostic system is the genetic incorporation of the CAR as well as the reporter
genes using lentiviral vehicles, which poses clinical challenges. Further optimization of this cell
system can be accomplished with more advanced genetic engineering using technologies such as
CRISPR, which would improve the safety by enabling site-selective integration into the cells

genome as opposed to the random integration of lentiviral-transduced cells [76].

4.4.2 Conclusions

To conclude, the natural killer cell line, NK-92 cells were genetically enhanced to incorporate a
HER?2 targeting CAR for treatment of HER2 positive ovarian cancer. Moreover, HER2-CAR NK
cells were transduced to incorporate a BLI and PET reporter gene to accomplish non-invasive cell
tracking with both imaging modalities in ovarian cancer bearing mice. SKOV3-ip1 ovarian cancer
cells were engineered with Firefly Luciferase and imaged with BLI to monitor tumour burden
within the same mice. The NIS reporter system was used to provide a clinically compatible, safe,
quantitative, platform to non-invasively visualize CAR NK cells using '8F-TFB-PET imaging,
while the Antares was used as a pre-clinical sensitive tool to enable long term tracking of NK cells.

The NIS imaging platform has the potential to provide clinicians with missing information on the
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number, localization, viability, therapeutic efficacy as well as side effects of the
immunotherapeutic cells. Furthermore, with simple administration of the '*F-TFB at trace doses,
these cells can be tracked longitudinally over time. This comprehensive information will help
clinicians better understand how women will respond to this therapy, as well as manage or

intervene at earlier time points, to alleviate potential side-effects.
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CHAPTER 5

Summary

This thesis presents multi-modal cell tracking of cancer cells, stem cells and immune cells in
preclinical animal model. Cell tracking was accomplished using Positron Emission Tomography
(PET), Magnetic Resonance Imaging (MRI), Magnetic Particle Imaging (MPI) and
Bioluminescence Imaging (BLI). The use of multiple imaging modalities has enabled
complementary information on cell’s biodistribution, proliferation, and viability in the body, in a
non-invasive, safe, sensitive, and quantitative approach. First, breast cancer cells were genetically
encoded with two human-derived reporter genes; (1) the Organic Anion Transporter Polypeptide
1B3 (OATP1B3), and (2) the Sodium-Iodide Symporter (NIS), for detection with MRI and PET,
respectively. This is the first highly translatable multi-modal system that uses human-derived (i.e.
non-immunogenic) reporter genes and clinically-used imaging probes and contrast agents to
provide sensitive and quantifiable information with PET, as well as fine spatial resolution and soft
tissue contrast from MRI. Next, we transitioned to tracking a clinically-relevant cell based therapy;
mesenchymal stem cells (MSCs), using NIS for PET detection, and superparamagnetic iron oxide
nanoparticles (SP1Os) for MPI tracking for a duration of 30 days. We showed maximum sensitivity
with MPI for early-phase MSC tracking, and optimal longitudinal imaging, viability and
proliferation information using PET reporter gene imaging. Finally, we demonstrated multi-modal
tracking of a novel cellular immunotherapy derived from Natural Killer (NK) cells which was used
to target and treat a HER2 ovarian cancer model. NK therapy cells were image with both BLI and
NIS-PET to monitor therapeutic efficacy, and visualize therapeutic cells’ in vivo persistence,
respectively. This thesis presents novel multi-modal imaging approaches for different preclinical

and clinical applications that have enabled non-invasive visualization of cell fate in vivo.
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5.1

Summary and Discussion

5.1.1 Chapter 2: Clinically translatable dual human-derived PET and MRI reporter
genes

In this work, breast cancer cells were transduced to express OATP1B3 which enabled MRI
imaging of cells when administered with 1 mmol/kg of the contrast agent, Gd-EOB-DTPA. Breast
cancer cells were co-transduced with NIS to enable PET detection with 10-15 MBq of [!*F] TFB.
This is the first reported clinically translatable multi-modal system, using (1) clinical imaging
modalities; (2) human-derived reporter genes; and (3) clinically used contrast agent and tracer.
PET provided sensitive information on breast cancer cells and enabled earlier cell detection
compared to MRI. However, MRI provided soft tissue contrast and fine spatial resolution which
enabled intratumoral visualization of OATPI1B3-expressing cells. In this work, we also
dynamically imaged the naive and OATPI1B3-expressing tumours in a mouse post both
intravenous and intraperitoneal injection of Gd-EOB-DTPA for approximately 5 hours. The main
findings of this work include: (1) demonstrating the complementary advantage of using multi-
modal PET and MRI for cell tracking and (2) reporting the feasibility of using IP injections in
small animal models which we have shown to have similar contrast enhancement when compared
to the IV administration route. This proof-of-concept study showed the utility of using two
powerful clinical modalities to rely sensitive, quantitative information with fine spatial resolution

and soft tissue contrast.

5.1.2 Chapter 3: Early- and Late- Phase Multi-Modal Tracking of Mesenchymal
Stem Cells

Mesenchymal stem cells (MSCs) are used clinically to treat a wide variety of pathologies due to
their inherent renewal properties, anti-inflammatory capability, and regenerative capacity [1][2].

While MSCs are promising therapies, they can oftentimes undergo apoptosis or malignant
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transformations, emphasizing the need to track MSCs and their fate in vivo. This chapter
incorporates the human derived NIS from our first study, into MSCs to track cells with PET
reporter gene imaging. Furthermore, MSCs were genetically modified to include a BLI reporter
gene; Akaluc. BLI was used as a reference modality in this work to provide both sensitive and
longitudinal tracking on MSCs. Finally, MSCs were directly labeled with SPIONs to allow
sensitive detection with MPI in this intramuscular-injection model. MSC tracking was
accomplished for 30 days post their administration. MPI is a relatively novel imaging modality
that is currently in clinical development and has shown “hot spot” detection with high sensitivity.
This is the first study to accomplish MSC tracking with MPI and PET reporter imaging. The main
conclusions from this study: (1) we were able to visualize MSCs with MPI, BLI and PET and
showed the complementary advantage of using a multi-modal approach; (2) at early time points,
MPI showed high sensitivity and correlated with BLI data; while PET signal was not significant
at these earlier time points; (3) later time points revealed inaccurate quantification of SPIO with
MSCs which ceased to correlate with BLI data. Moreover, the PET data showed a strong
correlation to BLI data at later time points, indicating its importance for long-term tracking and
ability to provide viability and proliferation information on MSCs. This system enabled the
comprehensive visualization of MSCs throughout their entire in vivo lifespan in a sensitive labeling

approach in combination with reporter gene imaging to facilitate long-term tracking.

5.1.3 Chapter 4: Imaging a CAR NK cell-based therapy against HER2 ovarian
cancer

Immunotherapies are immune cells that are modified to effectively target and lyse cancer cells. In
this chapter, a novel immunotherapy, derived from Natural Killer (NK) cells of the immune system

was genetically engineered to express a chimeric antigen receptor (CAR); a synthetic receptor
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5.2

which can target tumour-associated antigens. In this work, we developed an NK immunotherapy
expressing a CAR that targets the human epidermal growth factor receptor 2 (HER2), a protein
overexpressed on a variety of solid tumours [3][4]. This immunotherapy was also genetically
engineered to incorporate the NIS; PET reporter gene, used in the previous chapters. We have also
integrated a BLI reporter gene; Antares, to describe the biodistribution, proliferation and in vivo
persistence of our CAR NK therapy. Mice inoculated with HER2 positive ovarian cancer were
treated with the CAR NK therapy and tumour regression was monitored longitudinally with BLI.
Additionally, PET and BLI imaging of CAR NK therapy showed localization within the peritoneal
spaces. This is the first HER2 targeting CAR NK therapy that has been imaged with a PET reporter
gene. The main findings of this work include; (1) effective ovarian cancer treatment using a HER2
targeted CAR NK therapy, as shown by imaging tumour with BLI; (2) longitudinal persistence of
CAR NK cells, as shown by imaging NK cells with BLI; (3) visualization of HER2 CAR NK cells
in the peritoneal space of mice with NIS-PET. Although we concluded effective therapy that
prolonged the overall survival of mice, CAR NK therapy did not completely abolish tumours

mainly due to poor infiltration.

Challenges and Limitations

5.2.1 Limitations of reporter genes

In all projects within this thesis, reporter gene imaging was performed where cancer, stem and
immune cells expressed various reporter genes compatible with different imaging modalities.
Ideally, a reporter gene system should be non-toxic and non-destructive to cellular function, rely
sensitive and quantifiable information, have minimal background expression levels, and provide
high specificity to the target moiety [5]. However, no single reporter gene fulfils these criteria. For

example, the NIS PET reporter gene, is human-derived and thus lacks immunogenicity. However,
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with its endogenous expression in several tissues (i.e. thyroid, stomach, salivary glands and

mammary glands), visualization of NIS-expressing cells would be difficult in these regions [6].

One of the main advantages of indirect labeling compared to direct labeling of cells, is the stable
expression of reporter genes which gets inherited by daughter cells, enabling longitudinal tracking
of expanding cell populations. However, epigenetic gene silencing, which can affect transcription
of reporter genes, is possible. DNA methylation or histone deacetylation have been shown to
suppress gene signal, which could lead to finite imaging of engineered cells [7]. However, this

phenomenon is minimized with the addition of methyltransferase inhibitor during cell culture [8].

5.2.2 Lentiviral transduction of genes

All reporter genes in this thesis have been integrated using lentiviral transduction methods.
Lentiviral delivery of genetic load results in permanent integration of the reporter genes into the
host genome. This method has been optimized over the last couple of decades and has been
extensively used for engineering therapies in the clinic [9]. While lentiviral transductions are the
most common method of gene delivery due to its high transduction efficiencies seen in both
proliferating and non-proliferating cells, they are not completely random in their genetic
integration within the host genome and have been shown to preferentially integrate within
transcriptional units, potentially disrupting cellular function and posing safety concerns [9]. Cells
transduced with lentiviral vectors can become cancerous via activation of oncogenes or through
mutations of tumour suppressor genes as a result of integrating within or near a coding region of
the host’s genome [10]. It is also important to note that insertional mutagenesis induced by viral
vectors will also be passed down to the cell’s progeny. Thus, methods to control the integration of

gene into specific genetic loci, are highly desirable.
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Another major risk associated with lentiviral vectors is the possible unintentional reconstitution of
a replication-competent virus. Although this is an intrinsic risk associated with transgenes inserted
by the viral vectors, different generations of lentiviral vectors where the design of the viral vector
constructs can reduce this risk, have been developed [10]. In this work, third generation lentiviral
vectors are used. Third generation viral vectors lack several accessory genes, and only included 3

plasmids, reducing the virulence of any replication-competent virus.

5.2.3 Dose Optimization

In chapter 2, the OATP1B3 was used as an MRI reporter gene due to its ability to uptake the
clinical contrast agent, Primovist® (Bayer, Berlin, Germany). Primovist® is a Gadolinium
containing MRI contrast agent clinically used for liver imaging. The recommended dose of
Primovist® is 0.025 mmol/kg body weight of patient. The dose of Primovist® used for our
preclinical animal models to visualize the OATP1B3-expressing cells was 1 mmol/kg weight of
mouse, a dose 40 times higher than the recommended dose. This dose is not translatable to clinical
settings as Gadolinium based contrast agents (GBCAs) have been associated with brain
accumulation, especially with multiple administrations [11][12]. Furthermore, GBCAs increase
the risk for Nephrogenic Systemic Fibrosis (NSF) in patients with kidney disease [13]. Reducing
the administered dose in our study to clinical levels would decrease the overall sensitivity of this
MRI reporter system. Similarily, ['F] TFB was used as the PET tracer for NIS detection in all our
studies. The clinical dose used for ['®F] TFB in patients is approximately 2.5-3 MBg/kg of patient
weight, which translates to 0.05-0.06 MBq in a mouse of approximately 20 grams [14]. Our dose

ranged from 10-20 MBq in all studies, indicating a significantly higher dose than clinically
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translatable. Thus, other optimization methods, such as increasing reporter gene expression and

optimizing imaging acquisition methods, are required.

To date, the dose of CAR NK cells which has been most effective in treating acute leukemia ranged
from 10-100 million CAR NK cells/kg of patient weight [15], which converts to 200,000-
2,000,000 cells in a mouse of average weight. Comparing to our dose of 15 million cells
administered 3 times in each mouse, we utilized a dose that is not feasible in clinical settings. It is
important to note that even with our high administered dose, full tumour eradication was not
achieved. Thus, it is crucial to optimize the structure of these therapies to further improve their

anti-tumour efficacy and enable significant dose reductions.

Future work

5.3.1 Optimization of CAR NK therapy

In chapter 4, an immunotherapy developed from the NK-92 cell line, originally derived from a
lymphoma patient was used. This cell line is well characterized, and adoptive transfer of irradiated
NK-92 cells has shown safe and effective treatment in patients. However, NK-92 cells are void of
CD16 receptors, which are responsible for anti-tumour responses via antibody cell mediated
cytotoxicity (ADCC). Jochems, et al., developed an NK-92 therapy that was genetically modified
to endogenously produce interleukin-2 (IL-2) and express the CD16 receptor, which are associated
with improved cytotoxicity [16]. This study showed similar cancer killing abilities with a 3-fold
decrease in genetically modified NK cell dose, compared to standard NK cell dose. Other studies,
motivated by the toxicity associated with high doses of IL-2 (i.e. capillary leak syndrome), have
shown effective NK-92 cytotoxicity with the use of other endogenous cytokines, such as

interleukin-15 (IL-15) [17]. This study showed higher affinity of IL-15 to its receptor compared to
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the affinity of IL-2 to its receptor, resulting in higher toxicities and NK activation at relatively

lower doses.

5.3.2 CAR design

While the design of CAR can be complex, the structure of the CAR is very modular and can be
optimized to maximize its killing potential. Several studies have modified the CAR to improve its
cytotoxicity by optimizing certain regions on the synthetic receptor (i.e. the linker and hinge
regions), which resulted in more efficient cytokine production and proliferation of CAR-
expressing cells [18]. Different derivations of the transmembrane domain of the CAR have also
been shown to alter signaling formation with endogenous molecules, affecting cell activation and
cytokine production [19]. Moreover, the intracellular signaling domain of the CAR has shown to
be necessary for optimal CAR functioning and has been modified through different CAR
generations to include one or more co-stimulatory domains, where newer generations combine
potent and long-lasting lytic effects [20]. In addition to fine-tuning the CAR structure, further
modifications can enable CAR-expressing cells to secrete cytokines, express costimulatory
ligands, or secrete checkpoint-blocking scFvs have also shown to have increased in vivo
persistence and better performance [21][22]. Multi-targeting CARs which can target more than
one tumour associated antigen (TAA) to help battle the heterogenous tumour environment, have
also been developed [23][24]. The heterogenous expression of TAAs in solid tumours greatly
impacts the sensitivity of the CAR, especially for low-density antigens. In this regard, it is not only
important to design an optimal CAR, but an ideal TAA should be targeted. An ideal TAA is; (1)
overly expressed on tumour cells at high density; (2) expressed at low levels on normal cells to
reduce off-target cytotoxicities; (3) has minimal shedding in the bloodstream; and has a key role

in tumour development and progression [25]. In addition to high expression of TAAs, high CAR
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density is also optimal for better antitumor responses. This can be accomplished via optimization

of gene engineering techniques.

5.3.3 Genetic engineering methods

In this thesis, all studies accomplish gene engineering via lentiviral vectors to incorporate the gene
of interest upstream of constitutive promoters. However, their semi-random integration presents
translational limitations. Alternatively, clustered regularly interspaced short palindromic repeats
(CRISPR) and CRISPR-associated protein 9 (Cas 9) systems enables precise gene integration into
safe genomic harbours to overcome lentiviral vector limitations [26][27]. A well-established
genomic safe harbor in the human genome is the adeno-associated virus site 1 (AAVS1) which
supports long-term transgene expression [28]. Previously, our lab has built CRISPR/Cas9
technology to knock-in reporter genes (i.e. OATP1A1) in the AAVSI site [27], supporting the safe

integration of our reporter gene systems via safer genetic engineering.

5.3.4 Safety switches

Cell-based therapies hold great promise with potential for personalized medicine. In chapter 3 and
4, two cell-based therapies, derived from stem cells and natural killer (NK) cells, respectively,
were used. Stem cells have a capacity to form teratomas as an indicator of their potency which
implies a safety risk when transplanted into patients [29]. The risk of tumorigenicity limits their
clinical applicability and effective strategies to remove the graft are needed. Likewise, the use of
T-cell based therapies can result in severe toxicity and strategies to selectively destruct infused T-
cells have been described [29]. A common safety switch mechanism employed to “turn off” cells
involved the use of suicide genes. Suicide genes are genetic elements which cause cell death only
when administered with a prodrug. Several suicide genes have been described, with the best

characterized and most widely used being the Herpes simplex virus thymidine kinase (HSV-
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tk)[29]. Once administered with its prodrug, ganciclovir, will phosphorylate nucleoside analogs
inhibiting DNA synthesis and inducing apoptosis. Similarly, the Sodium Iodide Symporter (NIS)
used in all studies of this thesis, is compatible with '3'Todine and can perform as a suicide gene.
B3odine emits beta particles which can induce DNA damage and induce cellular apoptosis in NIS
expressing cells. However, administration of !}'Iodine would result in damage to all NIS
expressing cells including the thyroid, stomach, salivary glands and mammary glands.
Furthermore, endogenous NIS-expressing tissue have relatively higher NIS expression levels and
thus more toxicity would be observed in these tissues relative to NIS transgenic cells [30]. Another
common suicide gene is the human inducible caspase 9 (iCasp9), which will encode for a fusion
protein that dimerizes upon introduction of a chemical inducer to trigger apoptosis of cells [31].
Other safety switch mechanisms which have slower, reversible, and modular control of cell
therapies are also available. Dasatinib is a tyrosine kinase inhibitor which interferes with
lymphocyte-specific tyrosine kinase, inhibiting signal from the intracellular CD3zeta, zeta chain
of the TCR-associated protein, as well as costimulatory domains CD28 and 41BB of CARs [32].
Dasatinib induces an off state of lymphocytes halting proliferation, cytolytic effects, and cytokine
production. The main advantage to Dasatinib is its ability to be tittered to achieve a partial or
complete inhibition of cell function, and with discontinued use, the inhibitory effect can be
reversed to resume therapeutic effect, which is advantageous for expensive therapies such as CAR

T cell therapies.

5.3.5 Conclusion
In conclusion, the studies included in this thesis contribute to the field of multi-modal molecular
imaging. Notably, we combined different imaging modalities to accomplish cell tracking for

different applications. This work contributes to novel imaging approaches and techniques which

193



have utility in both preclinical settings (i.e. understanding fundamental and pathological
mechanisms), and clinical applications (i.e. diagnostics, early detection, and assessing therapeutic
response). Future work to further refine these approaches with respect to their safety and

sensitivity, are in dire need to propel these strategies into the clinic.
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APPENDICES

Appendix A: Supplemental Figures

Anti-OATP1B3 Anti-NIS

Figure 2.1: H&E, anti-OATP1B3 and anti-NIS staining of naive (top) and MRI/PET (bottom)
tumours. Anti-OATP1B3 showing transmembrane expression on MRI/PET cells. Anti-NIS

staining showing NIS expression in MRI/PET cells.
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Functionality test results for Gd-EOB-DTPA uptake

Appendices figure 2.2 shows Gd-EOB-DTPA uptake in naive, NIS/zsG, OATP1B3/zsG and
NIS/OATP1B3/zsG cells showing no significant difference between OATP1B3-only expressing
cells and the dual NIS/OATP1B3-expressing cells. No significant difference was also noted

between naive and NIS-only expressing cells.
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Figure 2.2: Gd-EOB-DTPA uptake in Naive, NIS/zsG, OATP1B3/zsG and NIS/OATP1B3/zsG

cells. No significant uptake between OATP1B3/zsG and NIS/OATP1B3/zsG cells is observed.
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Gd-EOB-DTPA uptake in other organs

Appendices figure 2.3 shows uptake of the Gd-EOB-DTPA agent in other organs (liver, kidney,
bladder, and muscle) with both methods of administration (IV and IP). Gd-EOB-DTPA uptake is
initially highest in the kidneys and decreases over time, resulting in higher uptake in the bladder
(aroute of GA-EOB-DTPA clearance). Stable signal intensity is observed in the muscle throughout
both IV and IP dynamic studies. Gd-EOB-DTPA injected via IV shows peak liver signal at
approximately three hours post injection, while in the IP route continues to increase due to the lag

of the contrast agent reaching circulation.
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Figure 2.3: The kinetics of Gd-EOB-DTPA uptake in the muscle, liver, kidneys, and bladder with

both IV and IP methods of administration.
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Comparison of IV and IP at similar time points

Appendices figure 2.4 shows MR images at similar timepoints of the same mouse with IV (top)
and IP (bottom) Gd-EOB-DTPA injections, using the same imaging parameters. Comparable

contrast enhancement was observed between administration routes.

A. Pre-injection 1hr 24 min

rv'. .-"‘\'
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Figure 2.4: A direct comparison of coronal 77-w MRI images of the same mouse with (A) IV and

(B) IP administration of Gd-EOB-DTPA at similar time points post agent injection.

202



Differences in signal intensity between MRI/PET and naive tumours in IV and IP injections

Appendices figure 2.5 shows the difference in signal intensity between the control and MRI/PET
tumour divided by the average standard deviations, in the dynamic imaging for IV- and IP
injections, showing the maximum difference in signal intensity at approximately 2.5 hours, for the

IV injection, and at approximately 4.5 hours after the IP injection of Gd-EOB-DTPA.
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Figure 2.5: The difference in signal intensity (between MRI/PET and naive tumour) plotted as a
function of time, for both IV- and IP- GD-EOB-DTPA injection methods in the same mouse.
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PET uptake in other organs

Appendices figure 2.6 shows the increasing SUV values in endogenous NIS-expressing tissue

(thyroid and stomach) over the 40-minute dynamic PET imaging.
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Figure 2.6: SUV (g/mL) of ['8F]TFB in tissue with endogenous NIS expression (thyroid and

stomach).
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PET SUV Effect Size:

Appendices figure 2.7 shows the effect size for the PET SUVs calculated as the difference between
the MRI/PET and naive tumour SUVs divided by the average standard deviations, showing the

maximum effect size at 30 minutes.
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Figure 2.7: The effect size, measured as the difference between MRI/PET and naive tumour SUVs

divided by the average standard deviations is plotted.
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Figure 3.1: Calibration images for MPI quantification and detection threshold estimation
of Synomag-D-labelled cells. In-vitro MPI detection of various numbers of Synomag-D-labelled
MSCs (ranging from 10°-<4,000 cells), showing a 2D cellular detection limit of <8,000 cells,

and a 3D detection limit of <4,000 cells. MPI signal was shown to strongly correlate with cell
number (R?>=0.9880).
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Appendices Figures 3.2 and 3.3 below show the in-vivo tracking of the tri-modally detectable
MSCs in two additional mice. In-vivo detection of MSCs in the hind limb with MPI (top), BLI
(middle) and PET (bottom) in each mouse over a 30-day period. MPI shows the brightest signal
on day 0 and steadily decreases over time. BLI signal shows fluctuating radiance (initial signal
reduction due to cell death), followed by an ultimate increase in BLI signal thereafter. PET SUV
shows a similar pattern to BLI radiance at the comparable imaging timepoints of the engineered
MSCs (arrows). Additional uptake also present in thyroid and stomach (organs with endogenous

NIS expression).
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Appendices Figure 3.3: Mouse Identifier: Mouse 2
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Appendices Figures 3.4 and 3.5 below show the in-vivo tracking of the MSCs in the remaining
two mice. Imaging MSCs with MPI (top), BLI (middle) and PET (bottom) was performed. Similar
to previous mice, MPI signal showed bright signal on day 0 that steadily decreased over time. BLI
signal also allowed the detection of MSCs and showed fluctuating patterns but with overall lower
radiance (on the order of 10° p/sec/cm2/sr for all imaging time points in comparison to the previous
mice. This decrease in MSC signal can be mainly attributed to eventual cell death and clearance.

Mice represented in figures 4 and 5 did not display detectable MSC PET signal.
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Appendices Figure 3.6: Correlation plot between BLI signal and MPI signal at later
imaging time points (day 10-30). Plot showing weak correlation between MPI signal and BLI

radiance at late phase imaging (R?>=0.0022).
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